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ABSTRACT
Diamond, Sidney. Ph.D., Purdue University, August 1963.
Tobermorite and Tobermorite-Like Calcium Silicate Hydrates;
Their Properties and Relationships to Clav Minerals. Major
Professor: Joe L. White.
Well-crystallized tobermorite was prepared hydrothermally
from Ca(OH) and quartz, and was shown to have the characteristic
x-ray and DTA patterns for this phase. The infrared spectrum
was investigated using samples deposited on KBr plates; the
appearance of several bands not previously reported was noted.
Tobermorite disperses readily in water to primary particles,
and it was observed that wetted tobermorite exhibits plastic
properties similar to those of" clays. The zeta potential of
tobermorite in distilled water was about -30mv., but the sign
of the charge was reversed in sufficiently concentrated Ca
++ +
or Al solutions.
Aluminum-, iron- and magnesium-substituted tobermorites
were synthesized and the effects of the lattice substitutions
studied by DTA, x-ray diffraction and infrared techniques. An
intense high-temperature exotherm observed on the DTA curves of
aluminum-substituted tobermorite may be due to the formation of
mullite. Iron- and magnesium-substituted tobermorites appeared
to suffer some c-axis disorder. Tobermorite and the aluminum
substituted phase are platy; the iron-substituted phase is
lath shaped. The surface area of the tobermorite measured by
XV
water vapor adsorption was about 80 m2/g; those for the substi-
tuted phases slightly higher. Heats of adsorption of the first
layer of water molecules calculated from the BET theory ("Ej^)
were about 13,500 cal/mole, suggesting strong attraction of the
tobermorlte surface for water. However, the isotherms were
considerably flattened after the attainment of a monolayer and
it appears that adsorption is restricted to two molecular
layers. Cation exchange capacities were determined in alcohol
solutions; the unsubstituted tobermorlte had a CEC of 34 meq/100 g
and it was decreased rather than increased by substitution.
CSK(I) samples of varied compositions were synthesized at
room temperature. The x-ray patterns consisted of only a few
lines and were generally similar; one sample was amorphous to
x-rays. The DTA curves showed intense high-temperature exotherms.
Electron microscopy disclosed a foil-shaped morphology. Infra-
red spectra of the group were similar, but recognizably different
from those of tobermorlte. Measured surface areas ranged from
150 to 350 m2/g» the E^ values were lower than those of tober-
morlte, and adsorption beyond a monolayer was not restricted.
The individual primary particles were well-cemented and did
not disperse in aqueous suspensions. The surface charge be-
havior was similar to that of tobermorlte. CEC results varied
but all were less than that of tobermorlte.
CSH(gel) products were prepared by the paste and bottle hy-
dration of /^-2CaO*Si02 , 3CaO*S102 , and "alite". The primary
particles of this phase are fibrous. DTA, x-ray and Infrared
results for all the products studied were similar. DTA curves
showed a weak but well defined high-temperature exotherm. The
xvl
infrared spectra show certain consistent differences from those
of CSH(l) and tobermorite. Measured CEC values were of the order
of 15 - 20 meq/100 g.
The reaction products of Ca(0H)£ and a number of silicate
minerals were studied. Moist, compacted mixtures of Ca(0H) 2
and quartz reacted at 60 C produced fibrous CSK(gel); similar
reaction with kaolinite produced foil-shaped CSH(I), and also
3CaO*Al203*6H20. Montmorlllonlte produced CSH(I) but did not
produce a recognizable calcium alumlnate phase. All of these
materials were well-cemented and retained their strength on
Immersion suggesting that the cementing properties of the CSH
phases do not depend on the shape of the particles. A second
series of reactions with Ca(OH) was carried out in slurry
mixtures shaken continuously at ^5°C. Very, extensive reactions
were observed for quartz, kaolinite, montmorlllonlte, illite
f
mica, and pyrophylllte, but not for talc. The CSH product
formed was CSH(gel) and a well-crystallized phase identified
as 4Ca0*Al2 3 *13H2 formed with all but quartz. Kaolinite
reacted in dilute suspension at room temperature to produce
the same products
.
Well-crystallized ^CaOAlpO^'^H^O was shown to be produced
rapidly from Ca(OH) and synthetic hydrous alumina. Certain
properties of this phase were Investigated.
INTRODUCTION
Tobermorite Is a well-crystallized calcium silicate hydrate
mineral occurring rarely in nature but of considerable technical
interest. It is the well-crystallized member of a family of
several closely-related compounds that includes also phases now
generally known as calcium silicate hydrate (I), calcium silicate
hydrate *II), and calcium silicate hydrate (gel), also called
tobermorite (gel). Calcium silicate hydrate (gel), a poorly-
crystdllized colloidal substance, is responsible for the strength
and cementing ability of Portland cement concrete. The physical-
chemical properties of this material are not well understood,
and, in particular, no adequate theory exists to explain the
unusual cementing properties of this substance. Only a rela-
tively small number of investigators have concerned themselves
with the tobermorlte-llke calcium silicate hydrates.
The clay minerals are a large group of layer-lattice and
chain structure aluminum silicate and magnesium silicate hydrates
that are classified together because of certain common properties,
These properties include small particle size, high surface area,
cation exchange capacity, marked attraction for water, and the
property of becoming plastic when wet. Because of their im-
portance in soil science, geology, engineering, and ceramics,
the clay minerals have been exhaustively studied In the last
three decades and their individual structures and properties
are now well understood.
Although the calcium silicate hydrates of the tobermorite-
like family do not have precisely the same structure as any
member of the aluminum silicate or magnesium silicate hydrate
group, the known structure of tobermorlte combines features of
both the layer-structure and the chain structure clays. In
addition to structural similarities, these calcium silicate hy-
drates also possess small particle size, high surface area, an
attraction for water, and a number of other properties analagous
to those of the clay minerals.
In addition to this resemblance In structure and in some
properties, it has been determined in recent years that a
genetic relationship can exist between members of the two groups;
thus, it has been found that when various clay minerals are
treated with calcium hydroxide under appropriate circumstances,
chemical reactions occur and members of the calcium silicate
hydrate group are produced as products of the reaction. This
reaction has unknowingly been put to use for many years in
highway construction, where calcium hydroxide has been used to
"stabilize" clay soils, i.e. strengthen them and render them
Insensitive to water.
The present work is an attempt to investigate the various
known members of the tobermorite-like group of calcium silicate
hydrates, and to characterize them Individually as fully as
possible in the light of the insight available from studies of
the clay minerals and of related layer- lattice and chain-structure
silicates
.
The method of procedure was to prepare a suite of calcium
silicate hydrate minerals by appropriate methods; to attempt to
verify or disprove certain observations concerning their properties
made by previous Investigators; and to characterize In as much
detail as possible their Individual properties as revealed by
x-ray diffraction, chemical composition, electron microscopy,
differential thermal analysis, infrared absorption spectroscopy,
surface area properties, surface charge behavior, cation exchange
activity, and various other appropriate procedures. It was hoped
that this detailed study would lead to a better understanding
of the differences between the different members of the calcium
silicate hydrate group, as well as of the properties of the
group as a whole.
A second objective of the work was to study the extent of
the reaction between calcium hydroxide and clays and other
silicate minerals under various circumstances, and especially
to study the products of these reactions and relate them to
individual members of the calcium silicate hydrate group. Since
these same reactions also commonly form calcium aluminate hy-
drates which are not readily separated from the calcium silicate
hydrates, it was found necessary also to study some of the
properties of these compounds in order to Interpret the data
secured.
Finally, an attempt was made to relate the observed structural
and other properties of the calcium silicate hydrate group ma-
terials with their known technical qualities of strength and
cementing ability.
REVIEW OF THE LITERATURE
Introduction ajU Notation
The literature on calcium silicate hydrates resembling
tobermorlte is quite extensive, as is illustrated by the length
of this review. It is also quite confusing. A major cause
of the confusion is the relatively Inconsistent nomenclature
often employed. Since it has not been universally appreciated
that the tobermorlte-like materials constitute a family with
individual members having distinctive properties, various authors
have usea the word "tobermorlte" to designate both the well-
crystallized phase resembling the natural mineral of that name
and also one or more of the other, less-well-crystallized phases.
Thus In reading the literature one must take special pains to
make certain exactly which phase is being discussed.
The present review is arranged so as to minimize this con-
fusion by treating each of the phases in a separate section.
Each section contains a discussion of the nomenclature, origin
or synthesis, structure and x-ray diffraction pattern, morphology,
differential thermal analysis, infrared absorption spectra,
surface area, and other characteristics of the individual phase.
The four phases considered are tobermorlte per se, calcium
silicate hydrate (I), calcium silicate hydrate (II), and calcium
silicate hydrate (gel)
.
In addition to this detailed review of the calcium silicate
hydrates, a less detailed coverage of the calcium alumlnate hy-
drates Is given In a* separate section. The final portion of
the review Is a discussion of the relatively limited recent
literature on the products of reactions between Ca(OH) ? and
clay minerals at or slightly above room temperatures.
In this review, in conformity with the general practice in
the literature, a number of abbreviations have been employed.
These are of two types. Fir3t, the names of the phases "calcium
silicate hydrate (I)*, "calcium silicate hydrate (II)", and
"calcium silicate hydrate (gel)" are abbreviated to "CSK(I) M
,
CSH(II)", and "CSH(gel)", respectively. The other type of ab-
breviation is actually a shortened chemical notation employed
side-by-side with normal chemical terminology. The terms used
are as follows: CaO is given as "C"; S102 is given as "£"; A12CU
is given as "A"; H2 is given as "H"; Fe^-j is given as "F", etc.
Often hybrid forms are used such as the designation for the com-
pound monocalcium carboaluminate as CoA-CaCO-^ll^O (Taylor,
1961, p. 116). Despite the objections that might well be raised
to such Inconsistent notation, it is felt best to conform to
established practice in this regard. The shortened designation
"CH" for Ca(0H) 2 Is not often used in the literature and the full
form Is employed here.
Tobermorlte
Origin, Synthesis, and Optical Properties
Tobermorlte (approximate composition 5CaO»6Si02 «5H20) is
a rare mineral of orthorhombic structure originally described
by Eeddle (1880) from occurrences In Scotland. Subsequently,
additional occurrences have been recorded at Ballycralgy,
Northern Ireland (McConnell, 195*0, and. as parts of a complex
lntergrowth with the apatite mineral wllkelte at Crestmore,
California (Eakle, 1917; McConnell, 195^). Recently it has
been found In Nevada associated with alunlte pseudomorphic
after plagloclase phenocrysts in hydrothermally-altered daclte
(Harvey and Beck, 1962).
Claringbull and Hey^ (1952) first examined the mineral by
x-ray diffraction. It was found to be identical in crystal
structure to a compound synthesized originally by Flint, McMurdle,
and Wells (193&)» to a product synthesized by Kalousek in the
19*4-0 ' s, and to a compound synthesized ana studied in detail by
Heller and Taylor (1951) and Taylor (1953)-
The synthesis preferred by Kalousek involves the hydrothermal
reaction of freshly-slaked lime with finely-divided quartz at
1?5°C for approximately 18 hours (personal communication) . Amor-
phous silica can be used instead of the quartz, but in this case
the time of reaction should be lengthened considerably (Kalousek,
1955)* Keller and Taylor prepared the compound (in various mix-
tures of related phases) by reacting lime and silica gel hydro-
thermally at various temperatures between 100°C and 200 C for
periods ranging from several days to some months. These authors
also used an alternate starting material composed of a poorly-
crystallized calcium silicate hydrate and additional lime.
Tobermorite has also been synthesized recently by hydro-
thermal reaction of lime with montmorillonite, with and without
several other admixtures (McCaleb, 1962).
The optical properties of the mineral were given by McConnell
(19^4) » **Ed the following description Is condensed from his
account
:
Optical properties: biaxial positive, low 2V angle; indices
of refraction <x = 1.570, A = 1.571, *- 1.575, all + 0.002.
Orthorhombic with Z = a, Y = b (elongation), X = c. Cleavage,
(001) perfect, (IOC) secondary. Weak dispersion. Density ap-
proximately 2.^44 g/ml.
Composition, Structure, and Morphology
Chemical Composition find Extent of Variation . Most naturally
occurring specimens of tobermorite seem to have Ca:Si ratios
close to the theoretical value of 5 J 6 (Taylor, 1961). However,
Harvey and Reck (1962) suggested that the tobermorite associated
with alunite in Nevada has a Ca:Sl ratio of approximately one.
Kalcusek (1955) has produced synthetic tobermorite in pure pro-
ducts having ratios as high as 1.00 and as low as 0.80; below
this ratio unreacted silica remains, and mixtures of ratios higher
than 1.00 tend to give rise to other phases, notably alpha-dlcalcii
silicate hydrate. Stein (i960) reported the synthesis, by
Kalousek's method, of an apparently homogeneous well-crystallieed
tobermorite of Ca:Sl ratio 1.08. In general one must conclude
that the possible variation of the calcium and silica components
of tobermorite is quite limited.
However, there appears to be a considerable variation In
the water content of the phase: Altken and Taylor (i960) reported
H2C:Ca ratios varying from less than 1 to as high as 1.^-6, as
compared to the nominal ratio of 1.00 for the natural mineral.
Isomorphous substitution In tobermorite has been studied
onij m one pt»per ( Kalousek, 195?) • This author has shown quite
conclusively that aluminum in amounts at least up to 4 or $%
(calculated on the basis of ignited weight) can be Incorporated
Into the lattice of synthetic tobermorite without any significant
changes in the x-ray diffraction pattern of the material. Evi-
dence was presented that the aluminum substitutes for silicon in
tetrahedral coordination, rather than for the calcium in the
structure.
Hydration States . There are several known discontinuous
hydration states of tobermorite, each marked by a characteristic
c-axls spacing. Most naturally occurring specimens and hydro-
thermally-synthesized specimens have c-axis unit cell thickness
of approximately 22.4A, but as each unit cell consists of two
identical layers the basal spacing observed on x-ray diffraction
Is 11.2a.
According to McConnell (195*0 natural tobermorite from
Ballycralgy with an initial 11A basal spacing reacts readily
with atmospheric moisture to produce an expanded basal spacing
of 14A, presumably by incorporating a layer of water between
each pair of tobermorite layers. This is of course analagous
to the well-known behavior of the clay mineral vermicullte.
The mixed-intergrowth material from Crestmore, California,
contains some material that has expanded in this manner. The
Ik a. spacing disappears on oven drying, as the water layer is
removed (Taylor, 1953).
Synthetic tobermorite prepared according to Kalousek's
method, and natural tobermorite from Loch Eynort, Scotland,
do not expand to UfA, even when soaked or ground in water
(McConnell, 195^-J Kalousek and Roy, 1957). Kalousek and Roy
have synthesized a tobermorite with a 14A spacing, but only with
considerable difficulty (six month's treatment at 6o°C).
On heating to sufficiently high temperature most tobermorite
undergoes a rearrangement of the layers, (usually preceded or
accompanied by removal of water), and the basal spacing shrinks
to about 9«5A. Ballycraigy tobermorite, Crestmore tobermorite,
and synthetic tobermorite prepared by Taylor (1953) all exhibited
this collapse at or below 3Q0°C; synthetic tobermorite prepared
by Kalousek* s method did not similarly collapse until 650°C
(Kalousek and Roy, 1957). Aitken and Taylor (i960) studied a
tobermorite that retained its 11A spacing as high as 900°C,
and then converted directly to wollastonite.
Certain other basal spacings ( 10A and 12A) have been re-
ported to occur in the Crestmore intergrowth material, but their
exact significance is obscure.
The apparent parallels between the behavior of at least
some of the naturally-occurring tobermorite and Taylor's syn-
thetic material and the interlayer expansion and contraction
characteristic of the so-called "expanding lattice" clay
minerals (montmorillonite, vermiculite, and halloyslte) were
noted by both Taylor (1953) and KcConnell (195^). Heller and
Taylor (1956) pointed out that except for the (oq£) series
almost all of the other strong x-ray lines (hkO reflections with
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h, k, and s(h + k) even) are common to all of the hydration
states observed. However, Kalousek and Roy (1957) have pointed
out that the shift in c-axls spacing was not a continuous function
of the water content, as it is in expanding clays, and that at
least in their material, substantial changes in the x-ray diffrac-
tion pattern (in addition to the (00X) reflections) occurred on
collapse at 650°C.
Crystal Structure . The structure of the 11A state of
tobermorlte from Ballycralgy has been determined by x-ray methods
by Kegaw and Kelsey (1956). The following description is adapted
from that given in their paper.
The structure is approximately orthorhomblc, with a = 11. 3A,
b = 7.33*» c = 22. 6«; the cell containing four formula units.
True symmetry is probably monocllnlc or tricllnic. Parallel to
( OOi]) the cell contains two identical complex layers displaced
relative to one another. Each layer has two central sheets of
composition ^CaC^, arranged so that each calcium has four oxygen
neighbors in its own sheet and two in the sheet at the next
levei. Each pair of adjacent oxygens forms one edge of a tetra-
hedron containing silicon. These tetrahedra are joined into
chains running parallel to the "b" direction. The chains are
somewhat puckered.
This arrangement, a complex layer with the composition
MCa2Sl30o) , forms the backbone of the tobermorlte structure.
It is rather like a piece of double-sided corrugated paper,
having a strong central sheet reinforced on each surface by
longitudinal ridges; the ridges themselves are somewhat toothed.
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Every third tetrahedron in the chain is a "bridging" tetrahedron
which does not share oxygens with the calcium sheet, but rather
shares the apical oxygens of its two neighboring tetrahedra along
the chain; it is thus elevated above the general level of the
chain. Two complex units pack together with their ridges super-
imposed vertically (note that the ridges do not nest). There
are grooves (channels in the "b" direction) between the ridges,
and these or the lnterlayer spaces must hold the remaining calcium
and oxygen atoms, but detailed positions of these atoms are not
known. According to Megaw and Kelsey it is not certain whether
hydrogens are present wholly as OK groups or partially as H20,
but according to these authors, if the composition given is
correct, some hydrogens must be attached to oxygens taking part
in the silica chains.
The proposed structure accounts for both the platy and the
fibrous nature of the crystals. Further, it allows an explana-
tion of the shrinkage of the c-axis spacing on dehydration, since
removal of OH or HpO from the grooves would permit two adjacent
complex units to pack together with their ridges interleaved
instead of superimposed, while still leaving sufficient room
to accomodate a calcium atom between them.
A model of this structure Is shown in Figure 1. The balls
represent the calcium atoms of the central double-sheet framework
.
The arrangement of the silica tetrahedra with every third tetra-
hedron elevated above the plane of the central sheet is displayed.
The grooves or channels between the ridges run from left to
right in the plane of the paper.
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Figure 1. Model Illustrating the Structure of Tobermorlte
According to Megaw and Kelsey (195^).
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A somewhat different structure was advanced as a hypothesis
by Maraedov and Belov (1958), according to which the metasllicate
chains are condensed (i.e. share single oxygens) both between
adjacent layers and between adjacent chains within a layer. It
is not yet known whether this hypothetical structure can be
reconciled with the experimental x-ray data (Taylor, 1961).
Morphology . True, well-crystallized tobermorite always
occurs as well-defined laminar crystals with a cleavage parallel
to (001) and a slight tendency toward elongation parallel to
the "b" axis. Noteworthy electron micrographs have been pub-
lished (among others) by Kalousek ( 195.5) > Gaze and Robertson
(1956), Gard, Kowlson, and Taylor (1959), Kalousek and Prebus
(1958), and Stein (i960).
Differential Thermal Analysis
A differential thermal analysis (DTA) pattern for the Bally-
craigy tobermorite given by McConnell (195^) showed endotherms
reminiscent of those of Ca++-saturated vermiculite at about 130°C
and 250°C, a weak endothermlc break at about 360°C, and finally
a weak recrystalllzation exotherm at about 850°C. The specimen
used was a mixture of the 11. 2A and 1^-A hydrate states.
Kalousek (195%, ±955, 1957) has investigated the DTA be-
havior of hydrothermally synthesized tobermorltes with 11A
spacings. He Indicated that samples of both 0.8 and 1.0 Ca:Si
composition behaved similarly and yielded only a small dehydration
endotherm at about 260°C and a very weak and indefinite high-
temperature exotherm at about 830°C. Greenberg (195^) found a
similar pattern, but for his material the exotherm occurred at'
about 965°C. Gaze and Robertson (1956), found that their exotherm
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occurred at BlO°C, in better agreement with Kalousek and with
McConnell.
Kalousek (1957) showed that substitution of aluminum into
the tobermorite lattice resulted in very much sharper and more
intense exothermic peaks in the 835°-86o°C region. The intensity
of the peak decreased with large amounts of substitution, while
the temperature of occurrence increased slightly with the in-
creasing substitution.
Infrared Absorption
Reported Infrared studies on tobermorite are not numerous.
Kalousek and Roy (1957) have examined a well-crystallized syn-
thetic tobermorite of composition 4CaO-5SiO
? -5H 2 by means of
the KBr disc technique. A broad S10 band with a maximum at
about 10 yU (1000 cm-1 ) and subsidiary maxima at 11.2 yu.
(895 cm" 1 ) and 8.3^ (1200 cm-1 ) were present in their published
patterns but not discussed by these authors. A quite pronounced
band at 6.2 JU ( 1620 cm" ) was ascribed to "lnterlayer* water and
one at 2.9 jU (3^50 cm" 1 ) to bonded OH groups. The difference
in the relative intensities of these bands after the vacuum drying
incident to the preparation of the specimens and after subsequent
rehydration was essentially negligible. Drying at increasingly
high temperatures did cause reductions in the intensities of both
these bands, but it is noteworthy that some absorption remained
at these water positions; even at 650°C when the basal spacing
was reduced to 9.6A from the original 11. 3A. The authors sug-
gested that these results indicate the retention of interlayer
molecular water, even at this high temperature.
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Xonotlite, a calcium silicate hydrate resembling tobermorite
in some respects, but lacking interlayer water, was shown by
Kalousek and Roy to have no absorption at 6.2/^ and only negli-
gible absorption at 2.9/^ ; however, xonotlite possesses defi-
nite structural hydroxyl groups and in consequence yields a
sharp absorption maximum at 2.75/* (3^0 cm ) , corresponding
to the frequency for stretching vibration of "free*' OH groups.
ft
No such band is observed in the tobermorite pattern.
A sample of l*fA tobermorite synthesized hydrothermally
(previously mentioned in the discussion on hydration states)
was shown by these authors to possess stronger absorption at
2.9 Jd but weaker absorption at 6.2 /^ than did the 11A tobermorite,
and in addition, displayed a band in the region from 6.5 (A
(1540 cm" 1 ) to 7.0# (1^4-30 cm" 1 ).
Hunt (1959) examined natural tobermorite from Loch Eynort,
Scotland, by the same KBr pellet technique, and reported a
pattern very similar to that of Kalousek and Hoy for the syn-
thetic 11A material. In particular the natural tobermorite
also shows a single bonded OH vibration at 2.9/V and no "free
hydroxyl" band.
Surface Area
Surface area (i.e. "specific surface*) of fine particulate
matter is commonly measured by the adsorption of nitrogen, water
v^por, or some other gas, the measurements being interpreted
according to the well-known multilayer adsorption theory of
Brunauer, Emmett, and Teller (1938) • The theory leads to an
experimental value for the number of molecules of the adsorbate
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that constitute a monomolecular layer on one gram of the adsorbent.
The assumption of an appropriate value for the area occupied by
each molecule then leads directly to the surface area per gram
of the adsorbent. As will be discussed later, for calcium silicate
hydrates the surface area derived from water vapor adsorption is
usually higher than that derived from nitrogen adsorption, and
Brunauer and Greenberg (1962) consider that the water vapor
measurement gives the correct area.
No reports of water-vapor surface area measurements of
pure well-crystallized tobermorite were found in the literature.
Greenberg (195*0 determined surface areas by nitrogen adsorption
for a series of hydrothermally-synthesized tobermorite products,
and founa values decreasing from 90 to 25 tn2/g with increasing
time of hydrothermal treatment. The latter value seemed to be
an equilibrium value, since increase in processing time from 4
days to 18 days. only reduced the measured area by 5 m /g»
2
Kalcusek (I95^c) reported a value of 50 m /g by nitrogen ad-
sorption for a platy tobermorite. Gaze and Robertson (195&)
calculated surface areas from dimensions of individual plates
visible under the electron microscope, and for well -crystallized
material arrived at a value of 6? m/g. Kalousek (1957) noted
that crystals of aluminum-substituted tobermorites were markedly
smaller than those -of unsubstituted material, but gave no surface
area values for them.
Surface Charge
Pike and Hubbard (1958) examined the surface charge of a
material they called CSK (B) which was prepared by autoclaving
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CaO and silica gel for 50 days at 135°C. According to Kalousek*s
(1955) studies on hydrothermal reactions In this system, the phase
forced would most likely have been platy, well-crystallized
tobermorite
.
They measured the nature of the surface charge by
treatment with Ag(NHo) 2 and Br~ indicator ions in full strength
aqueous ammonia solution. The solution phase was found to contain
a large excess of the cation, indicating a strong negative charge
on the tobermorite; however, if the latter had been treated
beforehand with saturated Ca(OH) solution the apparent charge
of the solid particles was found to be positive. Solid CaCOH)^
Itself was Indicated as having a positive surface charge.
Stein (i960) examined well-crystallized synthetic tobermorite
by means of electrophoresis after dispersion in NaOH solutions
containing varying amounts of CaCl2 . The minimum hydroxyl con-
centration of the suspensions examined was 10~^M. Under these
conditions he found that the sign e.nd magnitude of the charge
on the particles, as determined from electrophoretic velocity,
++ + +
varied with the Ca concentration; in systems with Ca con-
centrations higher than 4 x 10~^M the particles were positively
charged, and their velocity toward the anode increased with
increasing Ca content. For Ca contents less than this
value the tobermorite particles were found to be negatively
charged, again with the velocity toward the cathode increasing
with decreasing Ca++ concentration. Stein's results thus confirm
those of Pike and Hubbard.
Cation Exchange Properties
The thought that tobermorite might , in analogy wl th the
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clay minerals, possess significant cation exchange capacity was
entertained by McConnell (195^); Boy (1956) suggested that "The
measurement of the base-exchange capacity of these phases will
undoubtedly lead to the next important step in revealing the
nature of the tobermorlte phase*. Nevertheless, apparently no
Investigations of the possible cat ion-exchange properties of
tobermorite have yet been published.
The substitution of aluminum for silicon in tetrahedral
coordination is commonly conceded to be the one of the main
sources of the observed cation exchange capacity of the clay
minerals (see for example Grim, 1953* P« 133 ) • However, Kalousek
(1957) in his study of aluminum-substituted tobermorite, did not
consider this possibility in his discussion of possible mechanisms
of charge compensation accompanying the substitutions.
Summary
Tobermorite is a platy calcium silicate hydrate of compo-
sition approximating 5CaO ^SiC^^H-O, and has a structure in-
volving a central double layer of calcium ions in sixfold co-
ordination, coupled with chains of silica tetrahedra parallel
to the "b" direction which form an overall corrugated layer
structure. The corrugations themselves are "toothed" by the
elevation of every third tetrahedron, which is not directly
attached to the CaO framework. Tobermorite is a rare mineral
but it may be synthesized readily by hydrothermal means, and a
considerable proportion of aluminum may be incorporated in its
structure, presumably replacing some of the silicon atoms. The
mineral exists normally with a c-axis spacing of 11. 2A, but Is
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capable of being collapsed to a spacing of about 9.5A on heating.
A UfA variety, presumably having an extra layer of water between
the structural units, has been observed to occur naturally and
been prepared synthetically. Infrared absorption studies fail
to disclose the expected free hydro xyl vibration but rather
suggest that the water present is in the form of H„0 and H-bonded
hydroxyl groups, some of which are retained against heating to
temperatures as high as 650°C. DTA of the unsubstltuted ma-
terial reveals only a small heat effect associated with a tran-
sition to wollastonlte at about 830 C (the exact temperature
varying somewhat). Samples containing substituted aluminum
give a pronounced exothermic effect accompanying this transition.
The electrophoretic charge of dispersed particles is reported
to be positive in alkaline solutions if the Ca + concentration
is higher than 4 x 10 J molar, otherwise the particles move as
negatively charged bodies. The apparent surface area of well-
crystallized synthetic samples to nitrogen is of the order of
25 to 90 myg. Possible cation exchange properties of tober-
morite have been mentioned, but not investigated.
Calcium Silicate Hvdrate UJ.
Nomenclature and Synthesis
The identity and designation of this phase has been a
subject of much confusion in recent literature. It Is Intimately
related to tobermorite, but, as will be pointed out later, It
has a number of properties which distinguish it from the latter.
However, this was not obvious in the early stages of the modern
period of research on calcium silicate hydrates, and since most
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workers considered It to be merely a less-well crystallized
tobermorite, the names "tobermorite" and "CSH(I)" were sometimes
used interchangeably. A further source of confusion is the lack
of a consistent designation for the CSH(I) phase by the various
workers who did make the distinction; it was called CSK(B) by
Bogue (1953). the •fibrous phase* or "fibrous C^S.H " by
Kalousek (1955). "C/S 0.8-1.33 hydrate" by Kalousek and Prebus
U95&). etc. The designation "CSHd)" is due to Taylor (1950)
and is now most generally used.
CSH(I) is not known to occur naturally. It may be produced
in any of a variety of ways, either hydrothermally or by reaction
at room temperature. Common methods of preparation at room
temperature are reactions of a silica sol or gel with calcium
hydroxide solution and reaction of sodium silicate solution
with calcium salts (Taylor, 1961). The product formed is
typically a poorly crystallized substance having an x-ray dif-
fraction pattern which displays only the strong hkO lines of
tobermorite. Under hydrothermal conditions the same product
is readily formed by reaction between Ca(0H) 2 and silica, but
it is metastable and eventually transforms to tobermorite and
other phases, depending on the composition. If finely-divided
quartz is employed instead of silica the transformation to
tobermorite is much more rapid. A detailed study of the sequence
of transformations occurring in hydrothermal systems was given
by Kalousek (1955), who also discussed the difference In techni-
cally important physical properties between CSK(I) and tobermorite
Detailed criteria for distinguishing between the two phases were
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given by Ilalousek and Prebus (1958), and these will be discussed
under the appropriate headings. In many of the hydrothermal
preparations reported in the literature it appears that the
products were probably mixtures of several phases (see Gard,
Howison, and Taylor, 1959). This fact was often not appreciated.
Composition, Structure and Morphology
Variation in Chemical Composition . The compositional
limits for CSK(I) are considerably wider than those reported
for tobermorlte. The lower limit of the Ca:Si ratio has been
definitely established at about 0.8 (Kalousek, 195^-a) . The
upper limit is not so certain; Kalousek (195^b) and Kalousek
and Prebus (1958) set it at 1.33, while Taylor (1950) originally
considered that the upper limit was as high as 1.5- Higher
values have been suggested a3 well, but it is likely that
Kalousek* s figure is at least approximately correct (Taylor,
1961, 3runauer and Greenberg, 1962) . An explanation for the
existence of such a wide range In possible composition is not
forthcoming, and this is one of the major questions of interest
in connection with this phase.
The variation in water content at a particular drying con-
dition to the Ca:Si ratio in CSH(I) is also a matter in some
dispute. Brunauer and Greenberg (1962) presented data indi-
cating that in a series of room-temperature preparations ranging
in Ca:Si ratio from 1 to 1.4, the addition of lime to the structure
resulted in the concomittant addition of water, in the approxi-
mate molar proportion of 1:1 (under measured drying conditions
approximately equivalent to oven-drying). On the other hand,
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Taylor and Fowison (1956) found that H20:S102 ratios for their
products (on oven drying) are substantially independent of the
Ca:Si ratio.
The question of isoiLorphous substitution in CSH(I) has not
been investigated in detail, although a recent report unavailable
to this writer ( Sudo and Mori, 196l) suggested that K can
partially substitute for Ca in a room-temperature synthetic
phase that is probably CSH(I).
Hydration States . The fluctuation of the basal spacing of
CSH(I) with state of hydration was demonstrated in the pioneer
studies of Taylor (1950). Taylor* s CSH(I), synthesized at
room temperature, had an initial basal spacing of 12. 3A, which
he interpreted as being due to mixed layers of 10. ^A and l^A
hydration states. On heating to 120°C the basal spacing de-
creased to 10. 4A; (note that this is net the 11. 2A spacing
associated with. well-crystallized tobermorite) . This sample
was subsequently partially rehydrated by standing over water
in a desiccator for six months whereupon it expanded to 11A.
Further heatir.g of a 10. 4A oven-dry CSH(I) to 2^-0°C caused
an additional collapse to 90A.
Variation in Basal Spacing Due to. Coniiosltlon. Considerable
evidence exists that basal spacing varies with composition of
the CSK(I) as well as with state of hydration. Taylor (1961)
reported spacings ranging from 13-5A to 10. 5A for -gently-dried"
specimens of CSK(I), the spacing roughly decreasing with In-
creasing Ca:Sl ratio of the material. The methods of preparation
of the individual samples were not cited. Taylor ana Howioon
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(1956) reported only a slight and uncertain tendency for this
relet lonship for room-temperature preparations dried to 108°C.
The variation was only between 11. 3a and 9-9A, except for a
single value at 9.1A. Grudemo (1955) reported variation in
basal spacing ranging from 13.8 to 10. ^A, for various room
temperature CSH(I) preparations, and again the same rough re-
lationship with respect to Ca:Si ratio seemed to hold; however
the significance of this data is open to question since no
attempt was made to control the state of hydration of the
samples. In contrast to these results, Kalousek (1955) pre-
pared CSH(I) hydrothermally and noted that the basal spacings
were identically 11A in preparations ranging from 1.0 to 1.33
Ca:Sl ratio.
Interpretation of any variation in basal spacing with Ca:Si
ratio would be on a far firmer basis if these. would be determined
for a suite of materials of varying ratios at each of a series
of controlled relative humidities or partial pressures of water,
since it appears that both factors may influence the spacing.
X-Eav Diffraction and Crystal Structure . "Typical" x-ray
powder data for CSH(I) given by Taylor (1961, p. 105), and data
for hydrothermal CSH<I) were given by Kalousek (1955)- The
patterns show essentially only the strong hkO lines of tobermorite,
i.e. those indexed as h, k, and 4(h+k) even. These Include
the (220) at 3.04A; (400) at 2.80A; (040) at 1.82A; (620) at
1.6?A; (800) at 1.40A, etc. Normally the 3-04A, 1.82A, and 2.80A
lines are stronger than the rest. In addition to these lines,
a c-axls (basal) spacing is sometimes present in the region 10-
13A. Taylor's compilation of a "typical" pattern lists this as
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"very strong", while Kalousek In the work cited above reports It
as •'very weak, broad", and in one case absent entirely. It should
be i:Oted that this spacing Is often not observable on diffractom-
eter equipment, but can be observed on film camera diffraction
technique, which permits long-time exposure and hence more certain
recognition of peaks of weak overall intensity.
It is commonly Inferred that CSH(I), being in some respects
a disordered version of tobermorite, retains all the strong peaks
of that substance, with the Implication that peaks other than
those that are present are merely too weak in the disordered
phase to be seen. This Is not quite correct; tobermorite has a
strong peak (the 222) at 2.97^ which is not commonly present
in CSH(I), as pointed out by Kalousek and Prebus (1958). It
would be Important to know, in a given case, whether this line
Is in fact present but not resolved from a broadened main 3-05A
peak adjacent, or whether it is in fact not present at all. The
latter would suggest that the disorder involved is primarily
In the c-axis direction, and has to do with the stacking of the
unit sheets. This type of disorder is common in clays and many
other substances.
Because of the paucity of reflections, the exact crystal
structure of CSH(I) is not amenable to direct determination by
x-ray methods. Various modifications of the basic tobermorite
structure have been proposed to account for the observed varia-
bility of the Ca:Si ratio that takes place without any corres-
ponding change in either the dimensions or the weight of the
unit cell (i.e. density of the substance). Taylor and Howison
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(1956) proposed a simultaneous removal of the •bridging" tetra-
hedra and replacement of two hydrogen atoms by a single calcium,
the latter occupying an lnterlayer position made available by
the removal of silica. Brunauer and Greenberg (1962) suggested
a further modification in which the Si02 and 2 H would be re-
placed not by a calcium but by a calcium plus a water molecule.
However, Taylor (1961) stated that the constitution he and
Howison originally proposed for lime-rich CSH(I) is "unlikely".
Brunauer (1962) cited evidence concerning the enhanced
rate of dissolution of CSH(I) in tr.olybdlc acid obtained by
Greenberg and Pressler as indicating that the silica chains
in CSH(l) are at least partially depolymerized; the higher the
Ca:Si ratio, the more nearly the actual structure Is supposed
to resembie an orthosllicate (i.e. a structure composed of com-
pletely independent SiO^ tetrahedra). Note that this suggestion
is exactly the reverse of that put forth by Mamedov and Beiov
(195S) for tobermorlte, which they considered to be completely
polymerized.
Morphology . The morphology of CSH(I) was not at first
well understood but is now seemingly established. Grudemo (1955)
first studied room-temperature preparations of CSH(D by electron
microscopy; most of his samples have the common characteristic
of occurring in very thin, wrinkled- foils or films of almost
unit cell thickness. The morphology is difficult to describe
but easy to recognize after once having seen it. Some of the
wrinkled sheets appeared to roll partially into fibers or tubes,
particularly in the preparations higher in lime. Gruaemo pointed
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out a resemblance between the morphology of some of these CSH(I)
preparations and several of the clay minerals, notably hectorlte
and oiontmorillonite. Kalousek (1955) described the morphology
of )ils hydrothermal CSH(I) preparations as "fibrous"; he notes
that "these fibrous crystals were exceedingly fine". In a later
study (Kalousek and Prebus, 1958) this author and his associate
re-examined some of the earlier preparations and some new ones,
and concurred with Grudemo's findings of "crinkled foils" mor-
phology rather than "fiber" morphology as previously defined.
Gard, Howl son, and Taylor (1959) reported their room-temperature
preparations to be mostly crinkled foils, but autoclaved speci-
mens appeared to be mixtures of tobermorite plates and a lime-
rich fibrous phase which these authors ascribed to CSK(II), a
phase which will be discussed subsequently; however, many Inter-
mediate states were observed, and according to these authors
"the distinction between fibers and shredded, crumpled foils
was especially indefinite".
Differential Thermal Analysis
Kalousek (1954b) showed that the differential thermal
patterns of CSH(I) prepared at room temperature differed from
those of tobermorite by the presence of a sharp and intense
exothermic peak in the 835°-900°C region, the temperature of
the exotherm increasing with increasing Ca:Si ratio. Kalousek
(1955) later showed that hydrothermally-prepared CSH(I) compounds
are Identical to the room-temperature preparations in this
regard. The difference in behavior of these materials as com-
pared to that of tobermorite is sufficiently characteristic to
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pern.it the use of the high-temperature exotherm as a definite
criterion for distinguishing the two phases. However, it should
be noted that if the tobermorite contains substituted aluminum
one cannot use this criterion as both phases will give strong
exothermic peaks In the same general region.
Infrared Absorption
Van Bemst (1957) reported that room-temperature CSH(I)
preparations examined by the KBr pellet technique gave a broad,
indistinct band between 8.2/^ and 11.2 fl (1220 and 900 cm" 1 ),
with the maximum absorption at 10-10. 5 jx (1000 to 950 cm"" 1 ).
Kalousek and Hoy (1957) examined hydrothermally prepared CSH(I),
I.e. "fibrous solldswof composition 0.8, 1.0, 1.25 and 1.5
Ca:Si ratio. The strong Si-0 band found by Vein Bemst and water
bands previously described for tobermorite were found; but in
addition a broad band at 6.5-7.0 fj. (15^-0 to 1*00 cm" ) was present
There was Increased absorption at the position of this band
and decreased absorption of the water bending mode at 6.2 H
(1615 cm-1 ) as the Ca:Si ratio increased from 0.8 to 1.5« The
0.8 Ca:Sl solid had about equal absorption at the two bands.
These authors speculated that it may be possible to correlate
the presence of this band with either an increasing amount of
structural Ca(0H) 2 , or with increasing proportion of water mole-
cules coordinated around interlayer Ca Ions. A similar band
was observed in the l^A platy tobermorite previously mentioned
as having been synthesized by these authors. Additional reference
to this infrared feature will be made later.
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Surface Areas and Other Characteristic Properties
of CSK(I)
Brunauer and Greenberg (1962) reported surface areas for
r001;.- temperature preparations of CSK(I) to range from 135 to
380 m /g, when determined by water-vapor adsorption. Corres-
ponding areas measured with nitrogen were lower, and ranged from
20$ to 100^ of the water values. A similar phenomenon had
earlier been noted by Kalousek (1952j.c ) in his study of auto-
claved cement block containing hydrated calcium silicates.
Brunauer, Kantro, and Welse (1959) demonstrated that nitrogen
surface area values on toberraorite systems were unreliable; they
indicated that calculations using nitrogen adsorption values
frequently led to the conclusion that certain of the samples had
negative surface energies, which Is an Impossible result. Pre-
sumably some of the surface spaces In CSH(I) and related ma-
terials are not available to nitrogen.
Neither surface charge density nor cation exchange proper-
ties seem to have been investigated for this phase.
One significant property of CSH(I) is its resistance to
attack by reagents employed in tests for free lime, particularly
acetoacetlc ester. Kalousek (195^a) found that CSH(I) prepared
with Ca:Si ratios less than 1-33 were quite stable to lime ex-
traction by this solvent; however, preparations with Ca:Sl ratios
in excess of this amount (i.e. CSH(II)) were readily attacked.
Summary
CSH(l) is a poorly crystalline substance distinct from
tobermorlte, which may be produced by reaction at room temperature
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or as a transient phase In hydrothermal synthesis. The x-ray
diffraction powder pattern displays only the strong hkO lines
of tobermorlte plus a basal peak which Is generally diffuse.
The basal peak may vary from 13.8A down to about 10A; samples
with Increasing Ca:Si ratios tending to give lower values. The
value also depends somewhat on the state of hydration, and on
drying to sufficiently high temperatures a 9.5A spacing is at-
tained. The Ca:Sl ratio may vary from 0.8 to 1.33, and possibly
slightly higher, without significant change in the x-ray pattern
or calculated density. The structure is related to that of
tobermorlte; but the exact structure is not known. It has been
speculated that the distinction lies partially In removal of
portions of some of the bridging silica tetrahedra and their
replacement by Ca atoms or Ca atoms and water; also evidence
is given to indicate that the silica chains are partially de-
polymerized. The morphology revealed by electron microscopy
is usually described as one consisting or crumpled or crinkled
foils, sometimes partially rolling into tubes or fibers. The
Individual foils are very thin, only a few unit layers In thick-
ness at most. Infrared absorption spectra consist of a broad
SiO band centered at about 10 fjL (1000 cm-1 ), bonded OH and water
bending modes, and in contradistinction to tobermorlte, a broad
band occurs at 6.5-7.0 jU (1540-1^4-30 cm" ). The Intensity
of absorption at this wave length Increases with Increasing
Ca:Si ratio. DTA of CSK(I) yields a strong sharp exotherm In
the region of 835°-900°C; the actual temperature increases with
increasing Ca:Si ratio. Reported surface area values range from
135 to 380 m2/g. Water vapor adsorption is the appropriate
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technique for surface area determination for this system.
CSH(I) is quite resistant to lime extraction using the aceto-
ocetic ester.
Calcium Silicate Hydrate (II)
Nomenclature and Synthesis
This phase has also been designated "C 2 3H ", "hydrate II",
"1.8 J/S hydrate", "C^H^, etc., but CSH(II) is now the
common designation (Brunauer and Greenberg, 1962; Taylor, 196l) .
The compound was first reported by Taylor (1950) as occurring as
the result of long-time reaction of tri calcium silicate with
water at room temperatures. It was not prepared by double de-
composition nor by room temperature reaction of gel mixtures;
nor did Heller and Taylor (1952, 1952a) find the phase In their
hydrothermal preparations of appropriate Ca:Si ratio. However,
Kalousek (195^4-b) was able to prepare It by reaction between
lime and silica at room temperature, and later (1955) demonstrated
its existence as a transient phase in hydrothermal systems.
Toropov, Borisenko, and Shirokova (1953) reported the production
of relatively well-crystallized CSH(II) by reaction of calcium
glycerate solution on silica gel, but this synthesis has not
been successfully repeated (Taylor, 1961).
Composition, Structure, and Morphology
Variation In Chemical Composition . The lower limit of the
Ca:Si ratio for this phase is generally given as 1.5 (Kalousek
and Frebus, 1958; Taylor, 1962). The value for the upper limit
was given by Kalousek and Prebus (ly^b) t»i> 2.0, a value that
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was concurred with by Gard, Howlson, and Taylor (1959), and
Taylor (1961); however In a later paper (Taylor, 1962 ) suggested
1.75 as a more characteristic upper limit.
according to Gard, Howlson and Taylor (1959) the H20:Si
ratio of this phase (when oven-dried) is markedly greater than
that of tobermorite, due to about 0.6 mole of extra water per
mole of silica, which is lost only above 300°C.
No direct evidence of lattice substitution has yet been
reported for CSH(II).
X-Bay PtffractlPP m& Crystal Structure oX CSHfll) . This
compound is characterized by an x-ray pattern which somewhat
resembles those of other tobermorite-group phases in including
at least some of the strong lines indexed as hkO reflections
of tobermorite, viz. those at 3.05, 2.80, 1.82, 1.40, etc.
However, the (620) line at I.67A, present in CSH(l) is not
found in CSK(II); and the strong (222) line of tobermorite,
absent in CSH(I) is also absent in CSH(Il). An authoritative
pattern was given by Heller and Taylor (1956, page 57). A
number of previously unknown lines appear in this phase; among
them one in particular at I.56A was suggested by these authors
as a characteristic means of identifying the presence of this
phase, even in mixtures.
The basal spacing of this compound appears to be compara-
tively strong, and fairly consistent in location at 10-10. 5A
(Taylor, 1950; Heller and Taylor, 1956; Van Bemst, 1957; Kalousek
and Prebus, 1958; Gard, Howlson, and Taylor, 1959. etc.). In
general the crystallinlty of this phase appears to be inferior
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to that commonly found for CSH(I) with several exceptions
(Taylor, 1961)
.
Published information appears not to indicate
any particular variation of basal spacing with condition of
drying or state of hydration. The crystal structure of CSH(II)
has not been determined; In fact no suggestion as to the indaxing
of the observed powder diffraction lines has yet been made.
Gard, Kowlson, and Taylor (1959) have speculated that CSH(II)
may be analagous to kaolin-family clay minerals In having the
central sheet (in this case Ca02 ) flanked by silica tetrahedra
only on one side, the opposite side being composed only of hy-
droxyl groups. Calcium ions and water molecules would be re-
tained in interlayer spaces, according to this concept. The
possibility that both silicates and hydroxyls might be attached
randomly on both sides of the Ca02 layer is presented in a printed
discussion by Schuit and Wyatt (1962) and the reply by Taylor
appended to Taylor's 1962 paper.
Morphology . The morphology of CSH(II) Is characteristically
fibrous, as originally shown by Grudemo (1955)* Kalousek and
Prebus (1958) also mentioned "gel-like agglomerates" which
might be fragments of fibrous products. Gard, Howison, and
Taylor (1959) concurred in the description of the morphology
as fibrous, and noted by electron diffraction that the fiber
axis is the "b M axis and cleavage Is (001). Electron micrographs
of CSH(II) from so-called "bottle-hydrated* C2S published by
Copeland and Schultz (1962) revealed a particular variant of
fiber morphology in which the fibers are arranged In characteristic
cigar-shaped bundles. A similar morphology for CSH(II) supplied
by Taylor was observed by Grudemo (1955)*
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Differential Thermal Analysis
DTA curves for a number of solids classed as CSH(II) were
given by Kalousek (l?54b). He noted a small exothermic bulge
(not sharp enough to define as a peak) in the temperature range
35C-450 C, often a very small endotherm at around 800°C, and
finally a relatively small exotherm In the region around 850°C.
Van Bemst (1957) presented a somewhat more complicated pattern,
a double set of peaks in the region 3^0-380°C, a slight exo-
thermic bulge at around 600 C, and a fairly complicated combi-
nation of small exotherms and endotherms in the region 800-920°C.
In their summary of the typical characteristics of the different
phases, Kalousek and Prebus (1958) described the characteristic
DTA of CSK(II) merely as "variable".
Infrared Absorption
In infrared absorption studies of CSH(II) Van Bemst (1957)
found that in addition to the common broad Sl-0 band between
8.2 and 11.2 />*- (1130 and 890 cm" 1 ), some cigar-shaped samples
of CSH(II) showed a pronounced band at 12.1 (J- (&25 cnT 1 ).
Kalousek and Prebus (1958) suggested that the characteristic
absorption bands for this phase are at 2.y /^ (3^50 cm ),
which is the bonded OH stretching frequency, and at 6.8(4. dec-
ern ) , the feature usually attributed to carbonate. It is
apparent that further study is needed to more definitely charac-
terize the infrared spectrum of this phase.
Surface Areas and Other Characteristic Properties
of CSH(Il)
Surface areas of CSH(II) preparations have not been measured
3^
extensively. Copeland and SchuJz (1962) reported that a bottle-
hydrated P _C2 S preparation having the typical cigar-shaped
fiber bundle morphology and yielding an x-ray diffraction pattern
for CSH(IJ), had a measured surface area of 300 m2/g, presumably
to water vapor. Whether this high a surface area is characteristic
for CSH(IJ) in general is not known.
Measurements of exchange properties, surface charge, etc.
have not been reported for this phase. CSK(II) is apparently
relatively unstable to the removal of lime by the acetoacetlc
ester, and the leached residue is somewhat different from un-
treated material of the corresponding Ca:Si ratio (Kalousek,
195^b ).
Summary
CSH(II) is a lime-rich phase of approximate Ca:Sl ratio
1.5-2.0. It appears to have a larger quantity of structural
water associated with it than does CSK(I). X-ray diffraction
patterns resemble CSK(I) in that many of the hkO peaks of
tobermorite are present, but several are not, and some new lines
appear. The structure is unknown, but may involve hydroxyls
partially replacing silica tetrahedra, either uniformly on one
side of the central CaO- layer, or randomly on both sides.
Morphology is typically fibrous, and sometimes involves charac-
teristic cigar-shaped bundles of fibers. The DTA pattern is
marked by an exothermic bulge at intermediate temperatures and
a relatively small exotherm in the 850°C region. Infrared
spectra show a distinctive band at 6. 5-7-0 A^ , presumably due
to carbonate contamination; a 12.1 /x band is sometimes founl,
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but the extent to which this Is characteristic is uncertain.
The surface area measured (for a single specimen) is high in
comparison with those reported for CSH(I). The compound is
subject to significant attack by the acetoacetlc ester, resulting
in rapid removal of Ca(OH)
.
Caicjum SlUgate Hydrate (oei)
Nomenclature and Origin
CSH (gel) was the name proposed by Taylor (1961) for the
phaise commonly produced by the paste hydration at room tempera-
ture of either of the two major constituents of portland cement,
J?-C2S and C3S, or by the bottle hydration of the latter. Bottle-
hydrating -0 -C2S was said to produce the CSH(II) phase with
the characteristic cigar-shaped fiber bundle morphology previously
discussed (Copeland and Schulz, 1962). CSH (gel) is also de-
veloped in the ball-mill hydration of ^-C2 S, but not of C,S
(Brunauer and Greenberg, 1962).
Brunauer and Greenberg (19&2) and Brunauer (1962) called
this phase "tobermorite-(G)* (for gel). This name is somewhat
unfortunate since it implies a relatively close relationship
betv-een this phase and natural or synthetic tobermorite. As will
be shown shortly, the relationship is not nearly as close as
is commonly inferred. The writer is of the distinct opinion
that too much credence has been placed on the supposed resemblance
A word about hydration is in order at this point. As used
in cement literature, "paste" hydration refers to mechanically
mixing the anhydrous phase witn a definite, liialtei amount of
water and then permitting the mixture to "set" and harden, in
36
analogy with the setting and hardening process of portland
cement in concrete. "Bottle hydration" refers to a treatment
consisting of mixing the anhydrous phase with an excess of
water (usually about 10 times its own weight) and placing it
in z sealei polyethylene bottle mounted on a rotating wheel.
"Ball mill" hydration is self-explanatory. Hydration ofr^CpS
and C-jS has been reviewed in detail by Brunauer and Greenberg
(1962), by Brunauer (I962), and by Taylor (1961).
The stolchiometry of the hydration reactions for the two
phases were given by Brunauer, Kantro and Copeland (1958) as
follows:
for fl-C 3, regardless of hydration method:
2 Ca
2




• 3 H^ + Ca(OH)
and for C~S by paste or bottle hydration:
2 Ca_SiO + 6 HO = Ca S1 ? * 3 HO + 3 Ca(OH) .
Composition, Structure, and Morphology
Variation in Chemical Composition . CSH (gel) is a relatively
high-lime phase. According to Brunauer and Greenberg (1962)
CSH (gel) produced on paste or bottle hydration of C S has a
true Ca:Si ratio of 1.5, after correction for supposedly amor-
phous Ca(0H) 2 . Detailed evidence for this was given by Pressler,
Brunauer and Kantro (1956) and by Brunauer, Kantro, and Copeland
(1958). Of the three moles of lime originally present in C^S,
1.5 were relatively firmly bound in the CSH (gel) produced, about
1.3 moles were identified as crystalline Ca(0H) 2 , and the re-
maining 0.2 moles were characterized as amorphous Ca(OH) .
3-0, S reacts very much more slowly than C^S; for pastes
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made from this starting material, and for long-time bottle-
hydratlon products the Ca:Si ratio was given as 1.6-1.7, even
after correction for amorphous Ca(0H)
2 (Brunauer and Greenberg,
1962). Presumably these high-lime forms of C3K (gel) are to be
regarded as Intermediate products in the overall hydration pro-
cess .
The H2 0:S1 ratio of C3H (gel) is particularly difficult
to determine because of the colloidal nature of the phase. Re-
ported values range from 1.0 to 1.5> depending on the method of
drying used (Taylor, 1961) . The stolchiometry for the hydration
reactions of both starting compounds proposed by Brunauer, Kantro,
and Copeland (1958) assumed that the product has 1.5 moles of
H2 per mole of silica.
X-Rav Diffraction and Crystal Structure . The crystal
structure of this considerably distorted phase is unknown, al-
though resemblance to that of toberinorlte is generally postu-
lated.
According to Brunauer (1962), x-ray diffraction yields
lines at the positions of the three strongest lines of tober-
morlte; a large broadened reflection at about 3.07A, and weaker
ones at 2.80A and 1.82A. No basal spacing is observed.
Brunauer and Greenberg (1962)," basing their conclusions
on observed rate of solution of CSK (gel) in molybdlc acid,
suggested that this phase is completely depolymerlzed; i.e.
that the chains consist of individual Si04 tetrahedra linked
by hydrogen bonds. They considered that one mole of water of
the three present in their formulation of Ca^Si02 *3H2 is
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lnterlayar water that Is lost continuously on drying; the remainder
was thought to be associated with the silica chains and is rela- •
t ively stable to heating.
In a recent significant paper, Kantro, Brunauer, and Welse
(1961) reported that an inverse linear relationship was found to
hold between measured surface area and Ca:Si ratio for a large
number of CSH (gel) pastes made from both 3 -C S and C S.
2 3
Seen.ingly, the greater the amount of lime present in the structure
the lower the surface; hence the conclusion was drawn that lime
cements the individual CSH (gel) layers together within the indi-
vidual particle.
These authors went on to develop a structural model of
CSK (gel) in some detail. According to the picture they derived,
"mature** gel consists of very thin elongated sheets two and
three unit layers thick. The underlying structure is different
for the two classes of particles. The "two-unlt-thlck" particle
has a structure described on a "pseudo unit cell** basis as
follows: the outermost sheets of each of the two layers contains
O.77 CaO + 1 S10 ; the "central** sheet of each of the two layers
contains 2 CaO; and finally the two "inner boundary" sheets
each contain an SiOp. The overall Ca:Si ratio for this type of
particle is 1.39. In contrast, in the three unit-layer thick
each of the two pairs of "inner boundary** sheets contains not
1 Si0
2 ,
but rather 1 SiO + O.69 CaO. The calculated Ca:3i
ratio for this model is 1.72. The observed Ca:Si ratio of close
to 1.5 is taken as indicating a rough average of the two types
of compositional units present.
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These authors suggested that the 2 -layer structure is
unstable with respect to the 3-layer structure due to its larger
surface free energy, and two-layer-thick particles spontaneously
convert to the latter in time. It is difficult to see how this
is accomplished without internal rearrangement, in view of the
structural difference proposed.
Morphology . The morphology of CSH (gel) has been the
subject of some controversy in the literature. The gel is dif-
ficult to disperse for electron-microscopic observation and ultra-
sonic treatment usually needs to be employed. Early studies
(Bogue, 195^; Swerdlow, McMurdle and Heckman, 1957) found
spherical particles 50-200A in diameter, but later work has
failed to substantiate this structure. Buckle and Taylor
(1959) studied a C^S paste dispersed without solvent and found
ver\ thin irregular flakes, several hundred A across and only
a few tens of A thick. On the other hand, results from the
Portland Cement Association laboratories have always shown the
particles as straight fibers, the fibers themselves being ap-
parently composed of rolled-up sheets of extreme thinness. A
series of excellent electron micrographs illustrating this mor-
phology have been published by Copeland and Schulz (1962), and
appear In several of Brunauer* s review publications. Brunauer
(1962) considered that it is the adhesion of these rolled up
sheets to one another that Is responsible for the strength of
hardened paste of these compounds, and inferentlally, of concrete.
Differential Thermal Analysis
Brunauer and Greenberg (1962) cited unpublished DTA results
by Gordon on paste-hydrated C^S and /^-^s as yielding a large
o
endotherm near 2C0 C. While a number of authors have published
DTA patterns of hydrated cements, published DTA patterns of C5H
(gei) phases have not been found in the literature. Kurczyk and
Scwiete (1962) have published a "dynamic differential calorimetry"
curve of a C^S paste; the method being similar, but not identical
to DTA. A large endotherm at 160 C (presumably due to more or
less free water) and a small endotherm at about 260 C were ob-
served, in addition to the Ca(OH) endotherm at about 500°C.
Infrared Absorption
Infrared absorption characteristics of C3H (gel) have not
been studied extensively until recently. However, within the
last few years a nuruber of papers have appeared (Hunt, 1959;
Hunt, 1962; Lehmann and Dutz, 1959; Lehmann and Dutz, 1962;
Midgley, 1962). The observations of these authors are essentially
similar.
Briefly, the spectrum is dominated by a very-much broadened
Si-0 stretching band centered at about 10. ^ H (960 cm" ), indica-
ting at least partially linked silica tetrahedra (isolated ones
vibrate at somewhat higher wave lengths). In the hydration of
y^-C
2
S or C S, particularly the latter, a 2.75 micron (36^0 cm )
band appears, which is interpreted as a free hydroxyl stretching
mode, the hydroxyl being that of the Ca(OH) formed along with
the CSH (gel). A band at 2.9/4 (3^50 cm"
1
) for H-bonded hydroxyl
and a water deformation band at 6.2 /-£ (1620 cm" ) are observed.
In addition to these, a broad, rather flat band at 6. 5-7 • 0/4
(15^0-1^30 cm ) is always present. Ihls band has previously
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been mentioned In connection with the CSH(I) phase. Kalousek
and Roy (1957) found that the Intensity of this band In hydro-
thermally-prepared CSH(I) Increases with Ca:Si ratio, while con-
comitantly the intensity of the neighboring water band at 6.2
microns decreases. The band was not found to be present for well-
crystallized hydrothermal tobermorlte. Hunt (1959) has observed
the presence of this band in Ca(OH) slightly contaminated with
CslCOj by reaction with atmospheric C02 , and has ascribed it to a
stretching vibration of the C0~ group. He showed that the
intensity of absorption per gram of C02 in his sample was very
much greater in carbonated Ca(OH) and in CSH (gel) than it was in
CaCO„ itself. He also showed deuteration of the Ca(OH) did not
3 2
affect the position or Intensity of the band. Lehmann and Dutz
(1962) also ascribed this band to the effect of carbonation at
least for some of their materials, but a band at almost the same
position In hydrogarn* samples was ascribed by them to the de-
formation vibration of strongly-held water.
Surface Area and Other Characteristic Properties
of CSH (gel)
Surface Area Measurements . Surface areas of CSH (gel)
phases have been measured by various workers, notably Brunauer
and his associates at the Portland Cement Association. The
surface area actually determined is that of the hydration pro-
duct, including the CSH (gel), Ca(0H) 2 produced by the hydration
reaction, and any unreacted starting material. The amounts of
the latter two phases and an} other impurities are determined
UrZ
separately and the measured areas corrected for their presence.
Brunauer, Kantro, and V/eise (1959) measured the surface areas
of fourteen paste, bottle, and ball-mill hydration products of
fi> -C2 S and C S both by water vapor adsorption and by nitrogen
adsorption. As previously mentioned, the latter values were
considered to be unreliable. CSH (gel) in pastes of both starting
compounds were in the range 135-170 m /g; the CSH (gel) in five
different bottle hydration products of C~S varied between 190 and
230 m /g; and finally the CSH (gel) in four different preparations
of ball-mill hydrated y£-C2S ranged between 190 and 220 m
2/g.
The reasonable constancy of these values suggests that CSH (gel)
has a remarkably characteristic surface area. It should be noted
that the area observed is in general somewhat lower than those
previously reported for at least some preparations of CSH(I).
Kantro, Brunauer, and V.'eise (1959) studied the product of
ball-mill hydration of C3S, an unstable phase that has properties
similar to those of CSH (gel) except that it shows only a single
line on x-ray diffraction, and that on continued ball-milling
it spontaneously converts to moderately well-crystallized
afwilllte. This phase, called "hydrate III** by the authors,
had measured surface areas ranging from 135 to as much as ^-20
2/
m /g.
The surface development of CSH (gel) in pastes as a function
of hydration time at several temperatures has recently been
studied by Kantro, Brunauer, and Weise (1961). At a relatively
low temperature (5°C) CpS pastes generated CSH (gel) of surface
area as high as 500 m /g (as measured for a 14- day old paste),
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2but with aging the area was reduced to about 250-300 m /g. The
higher surface area material must have consisted largely of
single-unit-layer thick particles. The CSH (gel) surface of
corresponding preparations of C^S did not go above approximately
2 o35O m /g. At 25 C neither compound produced CSH (gel) with
surface much over 350 m^/g; pastes hydrated at 50°C yielded
CSH (gel) products of surface areas slightly lower still.
Surface areas of CSH (gel) produced by "aUte", an Impure form
of C-,S containing alumina and magnesia in solid solution, were
about the same as those for the corresponding phases generated
from pure CoS.
Surface Charge and Surface Energy of CSH (gel) . Measurements
of surface charge have not been made with CSH (gel) by itself,
but Pike and Hubbard (1958) determined the apparent surface charge
of a number of portland cement pastes after 5 days hydration,
U3ing their AgNH~ and Br" indicator ion techniques; all of the
pastes appeared to be charged positively. As mentioned previously,
the *CSH (B)" employed by these authors to represent the gel
phase in hydrating C^S and C 2S was probably well-crystallized
tobermorite
.
The surface energy (actually surface enthalpy) of CSH (gel)
has been determined by Brunauer, Kantro, and Weise (1959) by the
method of measuring the heats of solution of preparations of
varying surface area. The value secured was 386 + 20 ergs per
cm
2
, and refers to material dried to a stage characterized by
the composition Ca^Si^O .2H 0. The data indicated that the3272
surface structure of CSH (gel) products prepared from both y£-C S
^and CoS by paste hydration, from C,S by bottle hydration, and from
3 -CpS by ball-mill hydration, are all essentially the same from
the standpoint of surface energy. The authors also included a
single preparation (D-^0) of a bottle hydrated /2-C2S in their
study; this has been previously noted to yield CSH(II). The ob-
served heats of solution and surface areas for this preparation
were not significantly different from those of the others.
Cation Exchange Properties . No record of measurements of
cation exchange properties of CSH (gel) has been found in the
literature.
Thermodynamic Properties . Some thermodynamic properties
of CSH (gel) have been estimated by Brunauer and Greenberg
(1962). The heat of adsorption of water on CSH (gel) produced
from 3-G2$ was estimated as 32 calories per gram of the original
silicate; the corresponding values for CSH (gel) produced from
C3S was given as 26 calories per gram. The entropy of the bulk
CSH (gel) phase was estimated to be 85 e. u. per mole of Ca-SlO •
3H2 0, and the surface entropy of a "typical*' CSH (gel) with a
surface area of 300 m2/g was estimated as 3.3 e. u. per mole.
Summary
CSH (gel) is produced on hydration of C^S in paste form or
by bottle technique, or by hydration of /^-CgS by paste or ball-
mill technique. Bottle hydration of /5 -C^S produces CSH(II)
while ball-milling C,S yields a distorted phase that spontaneously
converts to afwillite. The Ca:Si ratio of CSH (gel) Is at least
1.5, and may be as high as 1.7; K^rSi ratio varies from 1.0 to
1.5 depending on degree of drying. X-ray diffraction shows only
45
three lines, at the three strongest positions of the tobermorite
pattern.no basal line is observed.
It is believed by at least one noted authority that the
silica chains in CSH (gel) may be completely depolymerized
(I.e. consist of Individual SiO chains linked by hydrogen
bonds). CaO in excess of the structural amount needed for the
lattice seems to bind individual unit layers together into two
or three unit layer thick particles. Morphology of the phase is
usually described as consisting of straight, long fibers, the
fibers themselves being composed of rolled-up sheets. The
infrared spectrum is more or less similar to that of tobermorite
except that a strong band is observed at 6.5-7.O microns which
may be due to carbonation. DTA of this phase is somewhat un-
certain from the literature available, mention being made of
o
an endotherm in the 200-260 C region. Surfece areas attributed
to CSH (gel) in pastes and other formulations range from about
150 to over 500 m /g; these are interpreted as indicating the
areas of rolled-up sheet-like particles one to several unit
layers thick. These surface areas are measured by water-vapor
adsorption; nitrogen is considered to give unreliable values.
The surface of this phase is positively charged in the presence
of Ca(0K) 2 . The surface energy of CSH (gel) has
been measured
to be 386 ergs per square cm; certain other thermodynamic
parameters have been estimated.
Hvdrated Calcium ^lumlnates &nd Related Compounds
Introduction To the Types of Compounds That Occur
Hydrated calcium alumlnates, while not the primary subjects
^6
of the present work, are of frequent occurrence as products of
the reactions between Ca(OH) and aluminum-bearing clay minerals.
Hence they are briefly reviewed here.
The literature of these phases is voluminous. No attempt
is made to review the earlier work, much of which is contra-
dictory In nature; rather the information presented here is
mostly taken from recent reports by Jones (1962) and by Taylor
(1961).
Calcium aluminate hydrates are relatively well-crystallized
as compared with the calcium silicate hydrates; yet these phases
are too complex for easy description. Jones (1962), after many
years of research in the field, mentioned with regret that he
could not even set 'out a reliable table of x-ray diffraction
data for the various phases in the system.
The only phase for which the crystal structure has been
determined and that is well-characterized as a stable entity
is the cubic phase of composition CUAH^, which is structurally
relfcted to garnet (Brandenberger, 193^) . A sequence of inter-
mediate forms ("hydrogarnets") exist between the C3AK, ^nti garnet
A second set of related compounds is characterized by
hexagonal or pseudo-hexagonal platy crystals. These are layer-
lattice structures, and unfortunately individual specimens ex-
hibit a high degree of stacking variation which results in dif-
ferences in crystallographic unit cell size and small differences
in the powder pattern from sample to sample. In addition to
the stacking variations, slightly different polymorphic forms
can be distinguished for some of the compounds. There are
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additional difficulties; each compound has several hydration
states that are easily obtained within the range of normal
laboratory working conditions, and finally, solid solution
occurs between at least two of the compounds. The basic compo-
sitions In this hexagonal platy group have the compositions
C. AH ; C2AH^, and CAH . There are several analagous carbonate
and sulfate compounds isostructural with some of these.
A third set of phases Is patterned after C^AH--,' a needle-
shaped crystal which is formed only under special conditions;
this crystallization also has several important compounds in-
corporating other anions isostructural with it.
The Cubic Phase, C
3
AH^
This is the thermoaynamically stable phase In the system
at room temperature (Wells, Clark, and McMurdie, 19^3). The
strongest x-ray diffraction lines occur at 2.30A, 2.04A, and 5.1^-A,
the latter being the highest spacing observed (Mldgley, 1957)*
The common habit consists of rectangular or octahedral plates,
with euhedral dodecahedra sometimes found (Majumder and Hoy,
1956). A DTA curve is given by these authors, but up to only
600°C; a strong endotherm is observed at about 325 C, and a
second, weaker endotherm follows at about 480 C. Infrared
spectra given by these authors do not show a free water band at
6.2 JU (1620 cm-1 ). The hydroxyl region has a complex series
of bands that are not easily Interpreted. In addition to the
broad adsorption in the entire region beyond 6 /^ ; there
is a distinct band at about 9 A fX- (IO65 cm" 1 ).
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The Hexagonal Phases C^AH^, C2AHg , CAHi0 ,
and Related Phases
CkAHlv This compound and its relatives are not thermo-
dynaraically stable at room temperature but form readily, and
once formed tend to persist indefinitely. At slightly more
elevated temperatures the stable phase C^AH^ is more usually
encounterel
.
Roberts (195?) discovered that the composition of the com-
pound as it actually occurred in wet systems is C AH , and its
k 19
basal spacing is 10.6a. On washing with acetone or alcohol, or
on moderate drying at room temperature the compound converts
to the more well-known C^AH _ phase. Two closely similar
polymorphic forms of this phase occur, <X-c^AH having a basal
spacing of 8.2A and p-C^AH with <x spacing of ?.9A; most samples
contain mixtures of both. Drying over CaCl^, according to Roberts,
results in further loss of water to form a phase of composition
C^AKj^, with a basal spacing of 7.4a. According to this author,
further drying over P2°5 or in alr at 120°C reduces the water
content to that represented by C^AK,-,, but leaves the x-ray
basal spacing unchanged at 7.4A. There is some conflict in the
literature at this point, since Buttler, Dent Glasser and Taylor
(1959) reported that heating to about 110°C collapsed the basal
spacing to about 6.5A, and further heating to 145°C caused
additional collapse to a spacing of 5.8A; on still further
heating, Ca(0H)
?
crystallized out as a separate phase, which
then dehydroxylated at about 420°C; a compound of composition
C^A-jH-^ recrystallized, and it in turn dehydrated at about 620°C
1+9
to finally yield mainly C12A . A DTA pattern published by
Kalousek, Davis, and Schmertz (19^9) does not appear to reflect
all these changes; the main features recorded being a strong
endotherm at around 150°C with a shoulder on the high- temperature
side continuing to perhaps 350°C; and two small endotherms at
about 500 C and 850°C, respectively. A DTA curve up to about
*+50°C was given by Midgley and Rosamon (1962); this showed a
very small endotherm at 50°C, followed by a double endotherm
at about 100°C, then a large endotherm at 290°C well resolve I
from yet another broad endotherm at about 300°C. An infrared
absorption spectrum was given for this phase by Midgley (1962).
As previously mentioned, there are several phases iso-
structural with this compound in which some of the OH groups
have been replaced by other anions. An important one in
cement chemistry in low-sulfate sulfo-alumlnate . There are
two such phases known in which the anion is carbonate; they are
hydrocalumite, a natural mineral with only a small carbonate
content, and calcium monocarboaluminate, CSA'CaCOo • 11H2 0. This
compound is of major importance since it is said to form readllj
from aqueous suspensions exposed to small amounts of C02 , such
as normally exist in the atmosphere (Taylor, 1961). Its identi-
fication Is difficult; the x-ray pattern resembles that of
CjjAH , with a basal spacing of ?.?^A (Turriziail and Schlppa,
1956). These authors also gave weight-loss and DTA data for the
phase. The DTA has endotherms at 230°C, 300°C, and 930°C; and
at about 5^0°C there is a feature consisting of a fairly strong
exotherm followed immediately by an enaotheru that perhaps can
be used for Identification of this phase.
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C2 AH^ . The second important phase in the hexagonal group
is CgAHg, which appears to be structurally similar to the pre-
viously discussed C^AHjj, and may possibly be derived from the
latter by substitution of A1 7 in every other layer (Jones,
1962). The basal spacing given by Mldgley (195?) is 10. 7A.
Roberts (1957) has determined its behavior on dehydration. The
basal spacing at 10.Jf-10.7A is unchanged on washing with acetone
or alcohol or drying very moderately at high humidity, but on
heating at 100°C or drying over f2°5 ifc loses about 3 molecules
of water to yield an approximate composition of C ?AH and ac 5
spacing of 8.7A. Further drying (at 110°C) removes another
molecule of water to the stage C^AK^ and the corresponding
basal spacing is 7»^A.
The relationships between Cj^AHj^ and CpAHo are complex.
Jones (1962) considered that a limited degree of solid solution
readily occurs between the two end-members with a CaOrAlgO ratio
between 2.0 and 2.4, and a water content between 8 and 10. This
was not previously understood. Another complication is the
lability of the C^AHjq to repeated washing. Lafuma is quoted
by Bessey (1938, p. 193) as having determined that when C/4,AHi^
initially present with excess lime is extracted repeatedly with
water, it decomposes to C^AHg.
CAHjLQ. This phase, with a basal spacing of Ik.JA (Midgley,
1957) occurs primarily at temperatures below room temperature.
There is a transition temperature at 22°C at which this phase
and CpAHg are unstable with respect to each other, and above
which the latter phase is generally founa (Jones, 1962).
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The Supposed Phase C^AHj-. In earlier literature a platy
hexagonal phase with the composition CoAHj~ WQ s thought to have
been found in some preparations, and x-ray data have been attributed
to It. The existence of this phase has been discredited by
various workers, Jones (1962) stating definitely that it does
not exist.
Compounds of Needle-like Habit
The "type" phase of this group, C^AH«_, was prepared by
Flint and Wells ( 19^M by employing a concentrated lime solution
in which sugar had been dissolved. The analagous compound
ettringlte, CoAOCaSO^OSI^O, is a naturally occurring mineral
and also is formed In the hydration of portland cement containing
gypsum. There is an analagous C02 compound which has a similar
x-ray diagram. (Buttler, cited by Taylor, 1961),
Summary
Kydrated calcium aluminates can be classed as cubic, hexagonal
or pseudohexagonal platy phases, or needle-shaped phases.
The stable phase at room temperature is a well-defined
cubic phase, C3AH5, for which considerable data is available.
This phase is the end-member of the so-called hydrogarnet series
of solid substitution, the other end-member being garnet.
The hexagonal or pseudohexagonal phases comprise the com-
pound usually known as C^AH 13 , in its various hydration states;
C
?AHc, In Its various hydration states; solid solutions between
these; and a low-temperature phase, CAH,q. Approximately iso-
structural with the C^AHjo phase is the mineral h>droe«lumlte,
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containing a small content of CO , and the compound CoA'CaCOo -HH^O,
mono-calcium carboalurainate, which is said to be readily formed
in the laboratory due to atmospheric carbonatlon. Another re-
lated phase is low-sulfate sulfoalumlnate.
The needle-like phases of associated interest are built on
the structure as C5AH33, which does not normally occur. These
are ettrlngite ( CoA*3CaS0^*32H20) and a related carbonate com-
pound C-oA^CaCC^, aq.
The complexity of this system is readily apparent, and un-
fortunately fully reliable characterization data are not available
for most of the phases.
Reaction Products of Ca(OH)£ with Clay Minerals
The chemical stabilization of plastic soils for use as
improved and water-resistant bearing material under highways
has been practiced for many years. One of the stabilizing
agents often employed is Ca(OH) , henceforth referred to simply
as •lime*. Herrln and Mitchell (1^6l) presented a thorough
review of the technical literature relating to the practice of
lime stabilization. However, knowledge of the chemical reactions
taking place has not been forthcoming until recently.
Goldberg and Klein (1952) made a pioneer attempt to study
the reaction between lime and montmorlllonite-contalnlng soil
under room-temperature conditions. The maximum amount of lime
they Incorporated was only 8% by weight of the soil, and only
two weeks were allowed for the reaction to occur. On exanlnatlon
by x-ray diffraction and DTa it was disclosed that all of the lime
had reacted, but the only product that was detected was calcium
carbonate.
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The first work of significance in the study of the llme-
claj reactions was that of Eades and Grim (i960). These authors
suggested that tne reactions occur in three steps: exchange of
calcium ions for those originally held by the clay; formation
of new rr.lnerals; and finally carbonatlon of the excess lime.
In their studies they used prolonged curing for up to two months
at 60°c, and up to 20% of lime by weight of the clay. Their
results for the several clay minerals are discussed separately.
In the work of Eades and Grim, kaolinlte was observed to
undergo a loss of sharpness of the prism (hkO) reflections
initially, and only later was there a significant alteration in
the Intensity of the basal peaks. The authors interpreted
this as indicating an attack from the edges of the particle.
New peaks appeared at 5«1A» 3«°^A, 2.8A, and 1.8A. The authors
suggested that the three lower peaks refer to a calcium silicate
hydi^ate, but apparently did not appreciate the significance of
the 5«1A peak, which is almost certainly due to the formation of
cubic C-3AH5 at this elevated temperature.
For lllltes, the diffraction data observed indicated only
scant formation of new crystalline phases. For montniorillonltes
there was an observed weakening of the peaks for the clay mineral,
but the product formed seemed to be amorphous.
DTA revealed the presence of a new peak with treated kaolinlte,
having a strong endotherm at 380°C. A weak endotherm also oc-
curred at 760°C, and after long curing the lime endotherm at
about 500°C. had completely disappeared. DTA of montmorlllonite
cured for only a short time revealed a double endotherm at
5^
110°-l8C°C, characteristic for Ca + -saturuted montmorlllonite.
After longer curing the entire pattern changed significantly,
the major feature being a broad endothermlc hump between 100°
and 200°C, a sharper endotherm at 680°C, and a strong broad
o
exotherm at about 9^0 C. These features were not explained.
Hilt and Davidson (I960) showed that small amounts of lime
added to soils containing various clay minerals markedly in-
creased the Atterberg plastic limit of the soil but did not
result in increased strength under a standard 28-day curing
regime. This was ascribed to "fixation" of the lime on the
clay surfaces, and concommitant flocculation. Lime added in
amounts in excess of this "fixation capacity" was shown to
increase strengths of cured products remarkedly, and the increase
was ascribed to formation of new phases that were not studied
in detail.
Later Hilt and Davidson (1961) and Hilt (1961) presented
further data on the results of lime reaction with soil containing
montmorillonlte. They Isolated crystals of a well-crystallized
hexagonal reaction product and studied them by single-crystal
x-ray diffraction procedures. The phase present in these large
single crystals appeared to be lsostructural with C^AHj^, but
had a basal spacing of 7.59A. The authors spent much effort
determining the dimensions of the unit cell, but as Indicated
by Buttler, Dent Glasser and Taylor (1959) stacking variations
are so common in this system that the crystallographlc unit cell
has little significance and may vary from one specimen to another.
However, the important point observed was that the chemical analysis
of crystals (admittedly incompletely separated from the clay)
revealed a silica content of 29 per cent. Since the silica
content of pure montnorlllonlte is only about Sk% (Ross and
Hendricks, 19^5 )» one would have to suppose that either the
material analyzed was about half roontmorillonlte, or else the
phase had a very high substitution of silica for alumina. Since
the reported alumina content was only 5;6 (by Weiss ring oven
technique), the latter conclusion seems inescapable.
Hilt and Davidson also presented dif fractometer charts of
reacting mixtures of the lime-soil montmorillonlte, cured for 30
days at 21°C and 95$ relative humidity. Various moisture con-
tents were used. The phase analyzed by single crystal methods
appears in all their charts representing initial moisture con-
tents of $0% or higher, and is accompanied by two peaks, one at
7.^A and the other at 8.1A. The authors Interpreted the 8.1A
peak as due to an (002) reflection for montmorlllonite, but this
cannot be correct since no definite (001) spacing is observed.
It is observed from the charts that with increasing moisture
content of the mixture the peak at 7»^A decreases and that at
8.1*! increases. It is proposed here that the two peaks repre-
sent the two appropriate hydration stages of the C^AH^-j phase
discussed by Roberts (1957), viz, the 8.1A peak being that for
the Ck
-C^AK.-,! the 7.4a peak being the less hydra ted state repre-
sented by C^AHj_j_.
In addition to the peaks discussed and other ascribable to
these phases, a small broad peak occurs in all samples at 3-04A,
which was ascribed by the authors to CaCOo formed by carbonc*tion
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of Ca(OH) . In the experience of the present writer, carbonation,
when It occurs, invariably results in sharp, intense spacings at
about 3»03^» it Is felt that the small peak referred to probably
represents the formation of some poorly crystalling CSH (gel)
product. Thus the results of Hilt and Davidson are here rein-
terpreted as indicating the formation of C^AHjq (or a silica-
bearing compound isostructural with it); CkAH..; and CSH (gel).
Eades, Nichols, and Grim (1962) analyzed samples taken from
three field lime stabilization sites, the soils in question having
diverse clay mineral suites. In all cases thin section studies
have shown the presence of an iron-oxlde-stained cementing material
surrounding the soil grains and penetrating voids and fractures
in the soil minerals. The outlines of individual quartz grains
and other particles have become frosted and Indistinct, which
is indicative of strong chemical attack. It was determined that
about half of the 5% Ca(0H) 2 added had been converted to CaCCU,
but the remainder had reacted with the soil minerals. X-ray
studies showed new crystalline phases appeared in addition to
calcium carbonate, and that the calcium hydroxide had all
reacted. It was suggested by these authors that the new minerals
are calcium silicate hydrates; the possibility of aluminum com-
pounds was apparently overlooked. No detailed analysis of the
x-ray tracings was presented.
A recent paper by Glenn and Kandy (1963' gave detailed x-ray
and DTA results of a laboratory experiment in which clay minerals
were reacted with lime and cured at 21°C for two years. Several
types of lime were used, including dolomltlc and seml-uolomltic
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forms. Kaollnlte samples yielded a 7.6A product with Ca(0H) 2 .
A vermiculite-hydrobiotite clay did not react much, but gave
rise to compounds having spacings at 8.1 and ^.6A. Muscovite
reacted with Ca(OH)
2
to yield a 7.6A product; but it did not
react with dolomitlc lime. Quartz did not react. Montmorlllonlte
reaction yielded a complex series of spacings; many of which
were thought to be characteristic of 10A tobermorlte; other
constituents presumed to be present are (V and B -C^AH^o, and
the compound giving a 7.6A spacing found by Hilt and Davidson.
Single crystal work on what was thought to be the 10A product
indicated that a micaceous contaminant was giving rise to the
10A peak. Examination of the published x-ray diffraction trace
suggests to the present writer that the calcium silicate hydrate
phase, If present, is probably a variant of CSH (gel); it is
not well crystallized. In fact there is no peak in the 2.80-
2.82A region and the strong relatively sharp line at 3.05 appears
to be largely CaCOo.
Benton (1959) studied so-called "pozzolanlc" reactions between
calcined clays (and other phases) and Ca(OH) 2 « While not directly
applicable to reactions of uncalclned clays, his results are of
some interest here. Reactions were carried out at 38 C for up
to 6 months. The main product appeared to be a hydrous calcium
silicate identified by a single broad line at 3.05A. With un-
calclned gibbslte as the "pozzolan" the main product was C-^AH^
(cubic phase). With calcined kaollnlte hydrogarnet intermediate
between C^AHj^ and garnet was obtained. All the mixtures con-
taining aluminum yielded as one product a phase wnose x-r«ay
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peaks were very similar to C^AH^o, but whose basal spacing was
7.6A Instead of the accented 7«9A, 8.1A, or the dehydrated
spacing of 7.4a. Inis ^hase contained some carbonate, perhaps
partially derived from a 5# CaCOo impurity In the lime used.
All the specimens had endothermic reactions near 200°C; charac-
teristic for the carbonated compound. The overall Interpretation
was that this component was a solid-solution compound intermediate
between C^AHj^ and calcium raonocarboalumlnate, despite the fact
that it was noted by the author that Carlson (1958) had failed
to find any evidence for the existence of such intermediate
phases. With calcined kaollnite only, Benton found an additional
reaction product which he interpreted by x-ray diffraction as
Stratllng's compound, C.ASH . The identification in this case
seemed rather uncertain when compared to the original pattern
of St rat ling reproduced in Benton's paper, but Schmltt (1962)
later presented a more detailed pattern for Stratllng's compound
(C£ASHg, called "gehlenite hydrate*) which perfectly matched the
pattern for the compound found by Benton. Also, zurStrassen
(1962) has shown that Stratllng's compound is essentially lso-
structural with C^AH^o.
Herzog and Mitchell (1962, 1963) studied the reactions
occurring on the hydration of cedent when mixed with soil (a
technique in common use for the stabilization of soil for
highway purposes), and concluded that Ga(OH) 9 arising from the
hydration of the C2 S and CUS cement minerals in turn reacted
with the clay present to yield secondary cementitlous products
of the same kinds as evolved separately in llme-cla;y Interaction.
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In summary, evidence from current studies clearly indicates
that Ca(OH) reacts with at least certain clay minerals at
normal or slightly elevate! temperatures; that the phases pro-
duced bear at least some relation to the known calcium silicate
hydrates and calcium alumlnate hydrates; but that their detailed
composition and structure is imperfectly understood and that
even correct identification of the phases is difficult.
60
MATERIALS AND PROCEDURES
Preparation of Calcium Silicate Hydrates
Well-Crystallized Tobermorite
Unsubstituted Tobermorite . Preparation of a sample of pure,
well-crystallized tobermorite of Ca:Sl ratio O.83, was under-
taken according to a method recommended by Kalousek (personal
communication) . The silica employed was in the form of "special
silica" a pure quartz product of the Ottawa Silica Company, having
all particles passing 325 mesh. The calcium source was reagent
grade CaCO^, calcined at 1050°C for four hours. Exactly 8 grams
of the resulting CaO were weighed out, suspended in 32 ml. of
distilled water at 65°c, and stirred for about three minutes.
Considerable heat was evolved as the lime slaked. The newly-
formed Ca(OH) 2 was then transferred to a malted milk machine
cup, and approximately 4-0 ml. of boiled distilled water added.
Then exactly 10. 3 grams of the quartz (previously weighed out)
was edded to the suspension and the resulting mix stirred at
high speed for 5 minutes by the malted milk stirrer. The :na-
terial, now of the consistency of heavy cream, was then poured
equally into two hydrothermal bombs of a type to be described,
which were then sealed and placed in a Fisher "Isotemp" oven
preset at 175°C. The system was allowed to react for 19 hours;
then the bombs were removed from the oven, cooled, opened, the
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sample removed and Immediately bottled without further treatment.
A portion of the material was subsequently oven dried at 110°C.
The hyarotneruiax bombs were stainless steel devices adapted
from the containers manufactured for the A.S.T.M. chemical test
for potential reactivity of aggregates in concrete (designation :
C 289). The rubber gasket supplied with each device was discarded
ctnd a bead of molten lead was formed in the annular groove in the
lid of the device, to provide a tight seal against the raised
rim of the main portion of the container. A clamping device
consisting of two 3/8th-lnch stainless steel plates bolted to-
gether by four 3/8th-inch diameter bolts was fabricated to re-
place the clamping bar supplied with the equipment, which was
inadequate for hydrotheriual work. It was found in trials that
the lead bead deformed Just enough to give a tight seal with
relatively moderate tightening of the bolts, and no water was
lost on overnight trials at 200°C. The hydrothermal devices
so prepared worked perfectly in all of the runs in which they
were used.
Substituted Tobermorites . Substituted tobermorltes of varying
composition were synthesized hydrothermally by essentially the
same technique as outlined above. The only modifications in-
volved were that the admixture to be used in each case was
weighed out beforehand and thoroughly mixed with the quartz
before the addition of the latter to the freshly-slaked lime,
and that for each of the substituted products only half the
quantities of materials stated above and only a single bomb were
used.
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Poorl} Crystallized Calcium Silicate Hydrates
Synthesized at Room Temperature
A number of preparations of this type were undertaken by
various procedures as described below.
Samples Prepared bj. Doubts Decomposition Methods . Four
samples were prepared by double decomposition of sodium silicate
and a calcium salt. A 0.5 M. solution of sodium silicate was
employed In each case. 100 ml. of this solution were mixed with
an appropriate quantity of either 0.5N CaCl- or 0.5N Ca(NO-o)
,
to give the compositions listed below. The procedure was to
pour proportional quantities of the two solutions carefully
into a third container, the contents of which were vigorously
stirred. The reaction took place at room temperature, which
was 33°C at the time. The calcium silicate hydrate Immediately
precipitated in large white floes. The suspension was then
diluted with distilled water, filtered over suction, washed a
number of times with water, then with acetone, and then with
ether, and then dried at 110°C overnight. No particular attempt
was made to avoid carbonation, except that the relatively small
amounts of sample prepared were dried rapidly in the preheated
oven. The individual calculated mole ratios of the reactants
employed were as follows:















A somewUt more elaborate procedure was later employed for
a double decomposition preparation In an effort to Insure that
the product produced would be as homogeneous as possible. Two
10-ml. Luer-lock syringes were mounted obliquely to each other
so that their tips were almost but not quite touching. The
arrangement was so designed that on simultaneously depressing
the syringes the two very fine streams produced would be Inti-
mately mixed on contact and the combined droplets would fall
into a flask mounted on a magnetic stirring device just below
the intersection of the syringe tips. Separate reservoirs were
provided and connected to each syringe so that both could be re-
filled repeatedly without disturbing the arrangement. A sodium
silicate solution was loaded into one reservoir and a calcium
nitrate solution into the other. Ihe syringes were evenly and
simultaneously depressed so that the rate of emptying of both
syringes was the same, the mixed droplets produced being collected
in the flask below and constantly stirred. The syringes were
then refilled and the procedure repeated until about the desired
amount of material (about 200 ml. of each solution) had been
reacted. In an effort to obtain a calcium silicate hydrate
rich in calcium, the molar concentration of the Ca(NOT)^ was
3«5 times that of the sodium silicate.
On completion of the reaction the flask was shaken vigorously
and the resulting precipitated material filtered on a Buchner
funnel. The precipitate was washed repeatedly using saturated
Ca(QH) 2 solution, as recommended by Mldgley and Chopra (i960),
then was washed exhaustively with a water-acetone mixture, then
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with acetone, and finally with ether. The material was dried
under vacuum at 110 C, powdered, and bottled.
Samcles Prepared J£x Direct Synthesis . For these products
a concentrated silica sol known by the trade name of *NalcoAglO-22"
(National Alumlnate Co.). was reacted with appropriate weighed
amounts of reagent grade solid Ca(0H)
?
. The resulting suspensions
were diluted with distilled water, placed in polyethylene bottles,
and the bottles rotated on a roller mill for 2 days, then allowed
to stand undisturbed for three weeks. A single sample was pre-
pared in this manner, using a calculated Ca:Sl ratio of 1:1.
After aging, the sample was filtered on a Buchner funnel. The
cloudy filtrate initially observed was recycled several times
until the solution passing through was clear. The pH of the
filtrate was only 10.6, suggesting that essentially all of the
Ca(CH) 2 had reacted; consequently, the material was washed once
and then sealed in a polyethylene bottle.
A second sample was prepared in the same manner, except that
the molar Ca:Sl ratio of the reactants was 2:1 instead of 1:1.
The initial filtrate was again cloudy, and was recycled several
times until a clear filtrate was produced. The pH of this fil-
trate was 12.5, suggesting that unreacted Ca(0K) 2 was present
In the sample; this was confirmed by x-ray diffraction. The
product was washed with water until the pH of the filtrate dropjed
below 12.3. X-ray examination of the material at this point
disclosed the absence of crystalline Ca(0K) 2 , ani the sample was
then bottled and stored without further treatment. Portions of
both samples were later oven-arleu prior to various analytical
determinations
.
Attempted Synthesis of CSH(Il) by
Direct Reaction In Hot Glycerol
* synWsis of pure, relatively well-crystallized CSHCII)
by reaction of CaO with dehydrated silica in hot glycerol sus-
pension followed by precipitation of the hydrate on transfer
to a water system has been reported by Toropov, Borisenko, and
Shirapova (19,3); but according to Taylor ( 196l) this synthesis
has never been repeated. SavprsJ ^i-^,™*-^ se e al attempts were made early in
Mia course of this research to produce this product using slight
modifications of the procedure of Toropov, *t ^ , but were m,
successful. Pinally lt was dQClded ^ ^^ ^^^ ^
reported synthesis by following the stated procedures of these
authors ^s strictly as possible.
Eeagent-grade CaC(>
3
was calcined for 1 hour at 100C°C, and
a chromatography-grade silica gel (shown to be amorphous by x-ray
diffraction) was dehydrated at c 00 oc fop six ^^ ^^ ^^
glycerol was dried at l60°C. Appropriate amounts of the CaO and
the dried silica to give a Ca.'Sl mole ratio of 2:1 (2.604 g CaO
ar>3 1.396 g Si02 ) were rapidly weighed out, mixed dry on weighing
paper, and then ground in a mortar and pestle after the addition
of several drops of glycerol. The grinding (or rather "working*,
since the material was so stiff that little particle size commu-
tation could have been occurring) was carried out for one-half
hour. The material was then transferred to a 250 ml. Erlenmeyer
flask, about 35 ml. of hot dried glycerol was added, and the
flask was placed on a hot plate and stirred. Toropov q± aj,.
reported that their mixture began to froth at 180-185°C, ana
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that frothing continued for 3-3§ hours at this temperature, at
the conclusion of which the liquid became clear. No such action
occurred with our material. After a considerable waiting period
at 1850c, the temperature was allowed to rise to approximately
200C C, and kept there for a further period, but no evidence of
frothing was forthcoming and the suspension remained turbid.
Finally the attempted synthesis was abandoned.
Hydration Products of » Individual Cement Minerals
Cement Minerals . Through the courtesy of Dr. D. L. Kantro
and Dr. L. E. Copeland of the Portland Cement Association,
several samples of pure, well-characterized cement minerals
were made available for this study. These included a sample of
p ~Cp3» two samples of CjZ, and a sample of "alite". Allte
is a purposely Impure C^S product with aluminum and magnesium
substituted in the lattice of the mineral; such a phase more
closely simulates the actual constitution of the CoS phase found
in portland cement. Chemical analysis of these materials were
kindly supplied by the Portland Cement Association laboratories,
and are given in the Appendix. An additional sample of allte
of a somewhat different type was made available through the
courtesy of Mr. Alexander Klein of the University of California,
along with Mr. Klein's analysis of the material, which is also
given in the Appendix.
X-ray diffraction examination of the several phases verified
their identities and no crystalline impurities were detected.
"Paste" Hydration . Hydration of the single sample of/3-C2S
and of one of the samples of CoS in paste form was carried out
6?
using a water-cement ratio of 0.7. The samples were simply mixed
with an appropriate amount of previously boiled, distilled water
(which had been cooled to 10°C), stirred until homogeneous,
poured into a plastic container, sealed, and allowed to hydrate
in a constant temperature room at 23 C. Approximately 3 ml.
of additional water were added to the top of the "set* C ? S
sample after approximately nine hdurs . The samples were hydrated
for a period of seven months before examination of the products
was undertaken.
"Bottle" Hydration . Bottle-hydration procedures employed
in this study are patterned after those in use at the Portland
Cement Association laboratories .( see for example Brunauer, Kantro,
and Copelana, 1958). A suitable motor and mounting were obtained
such that a 22 '* diameter wooden wheel could be rotated continuously
at a constant speed. The sample to be hydrated was mixed with
nine times its own weight of water, transferred to a polyethylene
bottle, sealed with tape and then paraffin, and mounted on the
wheel, which was then rotated at 30 r.p.m. in a room kept at
23°C.
In the initial trial, samples of the two C S materials and
the jS-Q s were hydrated for a period of six months. Previous
results reported by Brunauer, Kantro, and Copeland (1958) suggest
that hydration of C3S on a wheel of this type is essentially
complete in about six weeks; whereas C2 S is only about 70# hy-
drated after 5i months. Presumably, one would expect approxi-
mately similar results for the specimens prepared here. In a
second trial the two samples of C,S were again hydrated along
with the two "alite* samples. Length of hydration for the second
run was approximately k months.
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BeaCtlgfl i'rQflWCta c£ Ca(OH) with Clay Minerals
and Related Silicate
"Dry* Compacted Mixtures at 60°C
Starting Materials . The Ca(0H)
2 used was freshlj -opened
Malllnckrodt AR grade. Pour silicates were employed, as
follows:
a) Kaollnlte In the form of "Hydrite - 10" grade supplied
by the Georgia Kaolin Co. No crystalline impurities
were determined to be present. The average particle
diameter of this material Is 0.5^i and 97% is said
to be less than 2/^ in size.
b) Montmorlllonlte In the form of the well-known "Volclay"
brand Wyoming bentonite supplied by the American
Colloid Co. The materiel was used as supplied, and
passed at least the 2?0 mesh sieve. Impurities are
small contents of quartz, feldspar, and probably
some amorphous glass shards.
c) Quartz in the form of #29C Ground Silica supplied by
the Ottawa Silica Co. The material is essentially
pure quartz, and all of it passes the 2?0 mesh sieve.
Essentially all of the small content of clay-sized
particles in the sample used here was removed by
centrifugation to be used in another experiment.
d) PvroDhvlllte from Hemp, Moore Co., North Carolina,
supplied by Ward's Natural Science Establishment.
This material was received in massive form, ground
carefully In small portions with frequent removal of
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undersized material until all of the sample passed
a £ mm. sieve, and then dispersed for ^-0 minutes In
a malted milk stirrer in a suspension containing 2%
sodium hexametaphosphate (Calgon). The material
passing 2 microns was removed by centrifugatlon and
saved for another experiment. The remainder was
dried and lightly ground as required to pass through
a 270 mesh sieve. Impurities observed in the x-ray
diffraction pattern included a small content of quartz
and some mica
.
Experimental Procedure. 25 g of the alr-drled mineral
were mixed In the dry state with 10 g of Ca(OH) . The mixture
was then placed in a porcelain dish and 20 ml. of previously
boiled distilled water were added. Water and solids were mixed
thoroughly and then the mixture wes compacted with hand pressure
Into a rigid plastic container, k plastic disc of diameter
just sufficient to permit being forced inside the container was
then inserted and forced into position just above the compacted
mass and in close contact with it. Sufficient water was then
added over the plastic seal to fill the container (about 10 ml)
and the top of the plastic container was then put on and care-
fully sealed with plastic electrical tape. It was felt that
these precautions would be sufficient to prevent carbonation and
little or no evidence of carbonatlon was observed In the reaction
products.
The compacted mineral-lime-water mixes varied somewhat
in consistency at the time of initiation of the ex^ericient. it
was judged that the kaolinite sample was approximately at the
consistency characterized by the Atterburg plastic limit; the
montmorillonite sample at somewhat below its plastic limit, the
pyrophylllte in a consistency that would characterize a plastic
sample at the liquid limit and the quartz mixture was in a state
difficult to characterize in these terms but extremely dilatent,
i.e. free water would appear if the sample were squeezed, other-
wise it appeared comparatively dry.
The sealed samples were then placed in a steam cabinet at
a temperature of &bout 60 C, for a period of 55 days.
Slurry Mixtures at ^5°C
Starting Materials . A series of 7 relatively pure, well-
characterized minerals were selected for this experiment as
follows:
a ) Kaolinite: Sample No. H-5 from the American Petroleum
Institute Project ^9 reference collection, all
samples of which were supplied through Ward's Natural
Science Establishment.
b) Illite: Beavers Bend, Oklahoma. Reference sample was
supplied by the Oklahoma Geological Survey and char-
acterized by Mankin and Dodd (1963).
c) Montmorillonite: Otay, California, Sample No. H-24 of
the American Petroleum Institute Collection.
d) Mica: "Del-arnica", a finely divided mica separated from
Cornish china clay and supplied by English Clays
Lovering Fochln and Co., Ltd. Ihis material has been
characterized bj White (1956, p. 135)-
?1
e) Quartz: the less than 2 micron size fraction of the
Ottawa silica previously described.
f) Pyrophylllte: the less than 2 micron fraction of the
Hemp, North Carolina, pyrophylllte previously de-
scribed .
g) Talc: U.S. P. material supplied by the Purdue University
.
Pharmacy. Origin unknown.
'The Ca(OH) used in this experiment was the same as that
previously mentioned.
All samples except the quartz and pyrophylllte were dis-
persed in a malted milk stirrer using a small concentration of
"Calgon" (sodium hexametaphosphate) as a dispersing agent.
Fractions less than two microns equivalent spherical diameter
were separated by standard cent rifugat ion methods. Each of the
separated clay-size fractions was then characterized as to
purity by x-ray diffraction using oriented aggregate mounts
prepared from suspensions dried on glass slides. Impurities
noted were as follows: Kaolinite - none; lllite - some chlorite;
montmorillonite - none; mica - trace of kaolinite; quartz - none,
however it should be noted that the intensity of the quartz lines
was unexpectedly weak; pyrophylllte - some mica and kaolinite;
talc - none.
All samples were calcium-saturated according to the following
procedure: a large excess of CaCl2 was added to the suspensions,
resulting in immediate flocculatlon in all cases. The suspen-
sions were allowed to stand overnight, then centrlfuged and
the supernatant solution decanted. Each sample w^s then treated
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with an excess of IN CaCl
2
solution, stirred vigorously, allowed
to stand for approximately one-half hour, centrifuged, and the
supernatant liquid was again discarded. This procedure was
followed three additional times to insure complete calcium
saturation. The samples were then repeatedly dispersed with
distilled water, centrifuged at high speed (15,000 rpm) and
the supernatant suspension decanted and discarded. This pro-
cedure was repeated until the supernatant suspension was free
of chloride ions, as indicated by the silver nitrate test. This
required six to eight repeated treatments, depending on the
sample
.
The resulting Ca saturated clays were dried at 110°C
and gently powdered; x-ray diffraction powder mounts were pre-
pared and the patterns again checked for any impurities that
were not evident on the oriented aggregate patterns previously
obtained. The only additional contaminants observed were traces
of quartz in the pyrophyllite, a trace of talc in the quartz,
and a trace of kaolinite in the talc. In the powder mount the
quartz appeared to give its normally strong x-ray pattern with
no sign of disorder or weakness of peaks; and the llllte was
noteworthy for its 2 M,-type pattern.
Experimental Procedure . A one-gram portion of each of the
calcium-saturated clay-size minerals was mixed with k grams of
Ca(OH) and transferred to a 50 ml. polyethylene centrifuge
tube. A sufficient volume of freshly boiled, distilled water
was added to completely fill the tube (about ^5 ml.). The tubes
were then sealed with tight-fitting polystyrene closures, and
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then taped securely with plastic electrical tape. After hand
shaking, the samples were mounted In a specially prepared rack
on a reciprocating shaking device; the device was designed in
such a way that the tubes were positioned horizontally with the
direction of motion along the axis of the tubes. The entire
assemblage was placed inside a thermostated air bath regulated
to maintain a temperature of ^5°C + 1°C. The shaking device
was connected to a time control unit programmed to stop the
shaking for a period of lg hours every eight hours, to help
avoid the possibility of overheating the shaking device motor.
It was determined in trial runs that no significant temperature
variations occurred during either the active part of the cycle
or the rest period. The samples were allowed to react under
these conditions for a period of 60 days.
Dilute Suspension at 23 C
A single sample consisting of a portion of the calcium
saturated, less than 2 micron-fraction of the kaolinite de-
scribed above, was reacted with Ca(OH) at 23°C in a manner
analagous to the "bottle* hydration procedure of the cement
minerals. Five grams of the clay mineral were mixed with an
equal amount of stock Ca(OH) , suspended in 2 50 ml. of boiled
distilled water, and placed in a polyethylene bottle, which was
then sealed and mounted on the rotating wheel apparatus in the
same manner as the cement mineral samples discussed previously.
The reaction was allowed to proceed for 6 months at 23 C.
7^
Procedures Used In Investigat ing the Properties
of the Various Materials
Analysis of Chemical Composition
Calcium was determine! by the versenate titration procedure
of Chang, Kurtz, and Bray (1952). Silica was determined gravi-
metrlcally after carbonate fusion (Washington, 1930). Water
was determined by ignition after oven-drying at 110°C. All
procedures were carried out at least in duplicate. Analyses
of the several preparations are given in the Appendix.
X-ray Diffraction
All x-ray diffraction results in this work were obtained
on a General Electric XRD - 5 diffractometer using Cu-KOC
radiation and a nickel filter. The x-ray tube was operated at
16 ma. and 40 kvp; a 1° beam slit and an 0.2° detector slit
were employed. The goniometer speed was 2° per minute, the
chart speed 30 inches per hour, the time constant k seconds and
the linear mode of intensity display was employed throughout.
Sample preparation was of several different types. For
certain purposes, notably examination of the clay minerals as
previously discussed, oriented aggregate specimens were prepared
by the common expedient of air-drying suspensions of the samples
on glass microscope slides. However this type of specimen prepara-
tion was not employed extensively with the calcium silicate hy-
drates because of the obvious danger of carbonatlon.
The sample, preparation considered standard for this investi-
gation was a randomly-oriented powder mount technique aaupted
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from that of McCreery (19^9). The procedure is as follows:
a 1/8** thick aluminum frame with a 5/8" diameter circular hole
Is covered with a piece of mimeograph paper cut to the outline
of the frame; this Is In turn covered with a glass slide which
is taped in place and the mount Is then inverted. The dry,
powdered sample (usually ground to pass the 200 mesh sieve) is
then sifted into the exposed well through a screen. The
powder mass is then compacted lightly with the thin edge of a
spatula and trimmed. A slight excess of powder is then addei
to the surface, and a second glass slide is applied with a
slight compactive effort. The second slide is then taped to
the aluminum frame, the sample again inverted and the original
slide and mimeograph paper are carefully removed with the aid
of a razor blade, leaving the plane face of randomly-oriented
compacted powder for exposure to the x-ray beam. Somewhat greater
compactive effort Is required for use with the General Electric
dlffractometer than with certain other instruments since the
mount is positioned vertically on the x-ray instrument; the
powdered must be compacted tightly enough to avoid spilling.
A third expedient used occasionally in this study was a
modification of the powder mount technique described above, used
in situations where it was desired to determine the x-ray lines
of a slurry or very wet sample without drying It. The aluminum
frame was backed with about 8 thicknesses of filter paper (instead
of a single thickness of mimeograph paper), covered with a glass
slide and taped, as before. Then the slurry is transferred to
the sample well. Water from the wet sample Is rapidly absorbed
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by the filter paper and as the slurry is de-watered and its
volume shrinks, additional slurry is added. Finally after
several minutes the sample becomes moderately rigid. The surface
is lightly smoothed with a spatula and the wet sample immediately
x-rayed. If the procedure is properly done, a reasonably satis-
factory geometry Cctn be maintained by the surface of the sample
for the period required to run through the angular range of
interest, generally about 30 minutes. In all cases in which
this procedure was used, supplementary "standard" powder dif-
fraction mounts were always subsequently made of dried material.
In some of the x-ray diffraction work the samples were
examined in a dry -nitrogen atmosphere, to avoid possible carbo-
nation of the surface by atmospheric CO during the diffraction
run.
Early in the study a number of trials of adaptations of
the porous tile mount method of Kinter and Diamond (1956) were
attempted. However, it rapidly became obvious that any form
of sample preparation of poorly-crystalline calcium silicate
hydrates involving a wet, thin film of sample is exceedingly
prone to carbonation; this difficulty, coupled with extreme
difficulty of dispersing the calcium silicate hydrates into any
sort of uniform suspension led to early abandonment of the
effort, except for special purposes.
Differential Thermal Analysis
Most of the DTA results in this study were obtained using
a slightly modified Eberbach portable DTrt apparatus, which uses
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a nickel sample block and chromel-alumel thermocouples. The
instrument Is discussed briefly by MacKenzle and Mitchell (1957).
The instrument Is manually recording: an amplitude corresponding
to the difference in temperature between the sample and the
reference wells is read on a galvanometer at intervals delineated
with respect to the temperature of the block, which is displayed
on a second meter.
The present instrument was modified by substituting a 1-
inch thick sleeve of commercial pipe-insulation (fitted closely
over the heating unit) for the partitioned translte insulation
assembly supplied with the instrument. For additional insulation
a close-fitting translte disc was cemented to the top of the
furnace assembly. With these modifications a temperature of
1000°C could readily be attained, and more important, a more
reasonable rate of temperature Increase in the range 80C-1C00°C
was provided. The measured rate of increase of temperature is
linear (after a short initiation period) at the high rate of
58°C per minute until a temperature of 600°C is attained; there-
after rate of increase falls monotonically to 5.^°C per minute
at 1000°C. The latter temperature, is reached about ^0 minutes
from the beginning of the run.
A small number of samples were run or. the equipment in
use at the Soils Branch of the Bureau of Public Roads, Washington,
D.C. This equipment uses a Leeds and Northrup varlac controller
to maintain a very steady and reproducible rate of temperature
increase, which, for the samples discussed here, was set at 10°C
per minute. DTA patterns secured in these runs aire so designated
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and due allowance should be made in comparing such patterns
with those secured on the modified portable instrument.
Infrared Absorption Spectroscopy
Most of the Infrared absorption spectra were secured on
a Perkin-Elraer Model ^21 dual grating instrument which was
operated between 2.5 ^nd 16 microns. The conventional specimen
preparation technique for inorganic solids involves mixing a
very small amount of the sample with potassium bromide powder,
and forming a disc or pellet under pressure in an evacuated
die. Unfortunately K3r is somewhet hygroscopic and it is very
difficult to be absolutely certain whether observed bands re-
lating to hydroxyl and water are due to the sample or due to
interaction of the finely divided sample Intimately mixed with
the KBr. Considerable preliminary experimental work was done
in an effort to fine a more suitable technique. Attenuated
total reflectance spectroscopy using AgCl plates was tried,
but it proved quite difficult to get satisfactory contact between
the powdered sample material and the plate. Deposition of a
film of sample onto windows made of IR-tran-2 (supplied by the
Eastman Kodak Co.) was reasonably satisfactory, except that
the IR-tran material has several small absorption bands of its
own in the region of interest, and also its transmission falls
off rapidly below about 12 microns.
The technique finally adopted for most of the work involved
merely the deposition of a thin film of the sample on a polished
K5r plate. The plates were dried in an oven prior to sample
preparation and left there; a small quantity of the sample, also
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oven-dried, was mulled briefly In a small agate mortar with
several drops of spectral-grade carbon tetrachloride. Several
drops of the resulting suspension were deposited directly on
the surface of the plate in the oven. The solvent evaporated
within a minute or so, leaving a deposit of sample on the surface
of the KBr window. The deposit, while not a smooth homogeneous
film, was still sufficiently thin and well-distributed on the
plate to provide excellent spectra. The window bearing the
mounted film was conveyed directly to the infrared spectrometer
from the oven, and the spectrum was run immediately. With a
little practice it was relatively easy to gauge the appropriate
amount of suspension to use; if the amount actually deposited on
the plate proved to be too much or too little the sample could
easily be removed from the plate with carbon tetrachloride
and another sample immediately prepared.
Since no direct control was exercised over the weight of
sample deposited on the plate it would be relatively difficult
to adapt this procedure for quantitative analysis, but it does
provide a useful technique for the purpose of characterizing the
infrared spectra of the various calcium silicate hydrates.
Electron Microscopy and Electron Diffraction
The electron microscopic investigation of these materials
was performed through special arrangement by Dr. John Radavich,
of Micro-Met Laboratories, Inc. The instrument used was an H.C.A
EMU-3, operated at 50 kv. The sample preparation procedure em-
ployed by Dr. Radavich is still experimental in nature, although
very good results seem to have been obtained. The method does
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not employ ultrasonic vibration to assist in dispersion, hence
is free from the possibility of the formation of artifacts due
to the violent disruption of particles that may occur with ultra-
sonic treatment. The procedure was as follows:
1) A brief mulling of the sample in a mortar with a specially-
formulated dispersing grease compound.
2) Addition of a solvent for the grease.
3) Casting of a drop of the resulting suspension containing
the desired particles onto a carbon-coated substrate.
4) Brief immersion of the substrate in amyl acetate to
remove the grease solution, and then evaporation of
the amyl acetate.
5) Examination by' electron microscopy or selected area
electron diffraction.
The method has apparently resulted in very good dispersion
of the various samples. Generally the individual particles
can be seen spread out evenly across the field, and are not
collected into agglomerates. This facilitates recognition of
the morphology of the individual particles, and the very large
number of particles available for individual examination permits
a representative picture of the morphology of the sample to be
obtained. However, if the sample consists of particles of
widely-varying size, a certain degree of sorting by sedimentation
in the solvent suspension may occur, so that the coarsest particles
may not be observed unless special effort is made to sample the
bottom of the suspension.
The electron micrographs of the tobermorite and substituted
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tobermorite samples (Figures 3, 9 and 11) were made at a magnifi-
cation of 3200X, which was doubled by photographic enlargement;
in these figures one micron is approximately a sixteenth of the
length or width of the field displayed. For all of the remaining
materials the direct magnification used was Jj400X, again doubled
by photographic enlargement; and a micron in the remaining plates
occupies about a twelfth of the length or width of the fieid.
Determination of Surface Area
by Water Vapor Adsorption
Samples weighing approximately 0.5 grams after preliminary
drying were placed in small weighing bottles and initially dried
for four days over P? 0^ at room temperature. The desiccators
used to contain the weighing bottles were continuously evacuated
by connection to a laboratory vacuum line, which gave a residual
pressure of about 5° mm Hg. The samples were then weighed and
placed in vacuum desiccators over concentrated sulfuric acid
solutions. The desiccators were evacuated for at least an hour,
and then the samples were allowed to equilibrate for at least
four days in a constant temperature room held at 21°C (+ £°).
The desiccators were then opened, the samples weighed immediately,
and the procedure repeated with acid of lower concentration.
The molality of the acid was determined by titrating weighed
amounts of acid against standard sodium hydroxide solution.
The partial pressure of water vapor was determined from
the molality of the ddd solution by reference to unpublished
data of D. M. Anderson and P. F. Low, who determined the activity
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of water In sulfuric acid solution by graphical integration of
the Glbbs-Duhem equation, using mean activity coefficients for
sulfuric acid as given by Haraed and Hamer (1935)*
For some of the samples a number of additional points were
secvired beyond the usual range of partial pressures employed
for surfuce area estimation, so that a representation of the
adsorption isotherm up to partial pressures of 0.8 were secured.
For surface area determination, the adsorption data were
plotted according to the well-known "BET* procedure (Brunauer,
Emmett, and Teller, 1938), and the slopes and intercepts of the
resulting straight lines were determined using the least squares
method. The data gave good straight lines in all cases except
a few, which are not reported here. The parameters HVm" and
wc" of the BET equation were computed, and the surface area was
2
calculated, using c%n assigned area per water molecule of 11.^ A
(Brunauer and Greenberg, 1962). The estimated heat of adsorption
of the first layer of water molecules ("E^") was also calculated
for each sample.
Cation Exchange Capacity
A measurement of the possible cation exchange capacity of
the various calcium silicate hydrates was desired, but since
most of these compounds tend to dissolve and decompose on re-
peated leaching with water or aqueous solutions, the methods
usually employed for the determination of cation exchange capacity
could not be used. After a good deal of experimentation an
appropriate method was developed, using potassium as the measuring
cation and using absolute ethyl alcohol (specific gravity O.785)
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as the solvent and washing medium. The potassium was added to
the sample in the form of a solution of potassium acetate In
alcohol, the exchange was allowed to take place in alcohol, and
the excess potassium acetate and the cations removed from the
samples, presumably Ca, were washed out with alcohol. The po-
tassium was in turn replaced by ammonium or sodium cations (also
added as the acetate) and the amount of potassium replaced was
determined by flame photometry. The details of the method are
given below.
Duplicate small samples (0.5 g or less, depending on the
amount of material available) were dried and weighed analytically
and transferred into dry 50 ml. polyethylene centrifuge tubes.
Twenty-five ml. of a IN solution of potassium acetate in absolute
alcohol were added to each, and the tubes capped with tight-
fitting closures and shaken in a mechanical reciprocating shaking
device for 30 minutes. They were then set aside overnight (at
least 16 hours). At the conclusion of that period the samples
were centrifuged (1500 rpm for at least 10 minutes) and the
clear supernatant solution was carefully decanted and discarded.
A second 25 ml- portion of the solution of potassium acetate in
alcohol was then added, the samples again shaken for 30 minutes
by machine, and the centrifuglng and decantatlon again repeated.
Two additional treatments with the potassium acetate solution
were performed in the same manner, a total of four such treatments
in all. Following the last decantatlon, 35 ml. of absolute
alcohol were added and the samples shaken for ten minutes, centri-
fuged and the clear supernatant containing excess potassium acetate
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decanted and discarded. This alcohol washing procedure was
repeated four additional times. After the fifth wash, 25 ml.
of a Hi ammonium acetate solution (in absolute alcohol) were
added to the sample. They were then shaken for 30 minutes using
the mechanical shaker, then set aside for at least four hours.
The samples were then again shaken for ten minutes, then centri-
fuged. The supernatant liquid from each sample was decanted
into a 100 ml. volumetric flask. Another 25 ml. portion of the
ammonium acetate solution was added, the samples shaken for 30
minutes and again centrifuged, the supernatant solution being
added to that previously obtained for each sample. This was
repeated one additional time; then the volumetric flasks were
made up to volume with distilled water.
A twenty ml. aliquot of the resulting solution was pipetted
into a second 100 ml. volumetric flask (a fivefold dilution).
Five ml. of a 5000 PPin LINO solution were then added as an
internal standard, and the contents of the flask made up to
volume with distilled water. The potassium content was then
determined with a Perkin-Slmer model 52C flame photometer,
using the conventional internal standard procedure. The standard
solutions for the determinations were prepared using to 10 ppm
of potassium derived from a standard potassium acid pthalate
solution by appropriate dilution. The standards wero prepared
so as to have the same concentration of the same alcoholic solution
of ammonium acetate as that present in the diluted samples, to
compensate for effects of both the alcohol and the salt on the
flame. The amount of potassium determined and the Initial weight
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of the original sample were used to calculate the cation exchange
capacity in mllliequlvalents per 100 grams.
There were two difficulties found with this procedure. First,
it became apparent after several trials that potassium was being
adsorbed onto the walls of the polyethylene container. This was
retained by the container against washing with alcohol, but was
released to the solution on treatment with the ammonium salt,
and thus measure! along with the potassium exchanged by the
sample. An appropriate blank correction was determined experi-
mentally and used throughout. Its magnitude was small but not
negligible compared to the amount of potassium exchanged from
most of the samples.
A second difficulty occurred only with the relatively
poorly crystallized calcium silicate hydrates prepared at room
temperature, or those containing free calcium hydroxide.' For
these samples, gelation occurred after the addition of the sodium
acetate solution to the washed, potassium-saturated specimens.
Although the gel could be partially broken up mechanically, it
was felt that it would interfere with complete removal of the
exchangeable potassium from the sample. For samples subject
to this effect, a nearly saturated solution of sodium acetate
in absolute alcohol (about 0.2N) was substituted for the ammonium
acetate solution. No gel was formed with the sodium salt, and
thus the difficulty was satisfactorily resolved. A separate set
of flame photometer standards incorporating the sodium acetate
solution was used In the determination of potassium for samples
in which this substitution was used.
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It is recognized that in this method, as in any cation ex-
change capacity method, there is an essential element of arbi-
trariness in that the time allowed for the exchange reactions
to occur is limited. Some substances such as vermiculite and
various zeolites have very slow rates of exchange and for systems
of this type only a portion of the ultimate capacity of the
exchange reaction is usually measured by conventional techniques.
The present system may well have additional "slow" exchange
capacity beyond that measured here, but the time available did
not permit this to be investigated.
Determination of Zeta Potential
and Sign of Surface Charge
Zeta potential determinations were carried out by the micro-
electrophoresis method using a flat cell of rectangular cross-
section such as recommended by Abramson, Moyer, and Gorln (19^-2,
p. kk) . The apparatus employed was the standard Mudd-type equip-
ment, as supplied by the Arthur H. Thomas Company.
The electrophoretic velocity of the particles of the sample
was determined by direct microscopic observation of particles
streaming at the level corresponding to 21% of the total height
of the cell, in accord with the theory of Smoluchowskl (1921) as
described by Abramson, Moyer, and Gorin (19^2, p. 5°) • The par-
ticular cell used had a depth of 6.55 x 10 ~ cm and a width of
1.23 cm. The electrodes consisted of plaster of parls plugs
which were immersed in a saturated solution of zinc sulfate. The














Figure 2. Circuit Diagram for Microelectrophoresis Apparatus.
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used to change the direction of the current flow at will without
the necessity of switching the connections to the potentiometer.
Very dilute suspensions were employed, the concentration
of the sample being less than 0.01/6 in all cases. The concen-
trations and kind of salt used were varied and will be discussed
later in connection with the individual results.
The sign of the surface charge on the particles was readily
noted by determining whether the particles travel to the anode
or to the cathode under the influence of the applied electric
current.
Determination of the zeta potential requires the measurement
of the particle velocity at a known field strength or potential
gradient. After the microscope was focused at the correct height
above the bottom of the cell, the current was turned on and the
velocity of the particles was calculated by timing the movement
of individual particles observed with reference to a grid of known
size incorporated in the eyepiece of the microscope. Particles
were measured moving in both directions and the transit times of
six to eight particles in each direction were averaged to give
the estimate of velocity used. The particles were observed only
with considerable difficulty, and no great accuracy can be
claimed for the measurements of their velocity, although the
results obtained seemed to be reasonably reproducible.
The field strength existing at the time of each measurement
was calculated from the relation H = I/KA, where H is the de-
sired field strength, I Is the amount of current flowing in the
circuit at the time of the measurement, K Is the conductivity
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of the suspension, and k Is the cross-sectional area of the cell,
In this Cc*se O.O805 cm (Abramson, Moyer, and Gorin, 1942, p. 47).
The current was determined from the potential measured across a
standard resistance box in series with the cell as shown in the
circuit diagram, the resistance used being generally 500 or 1000
ohms. The potentiometer used for this purpose was a Leeds and
Northrup portable precision Potentiometer, Type 8662. The con-
ductivity of each suspension was determined in a separate con-
ductivity apparatus at the same time as the measurements of par-
ticle velocity were made. The conductivity apparatus consisted
of a Leeds ^nd Korthrup Model 4911 conductivity cell in a Wheat-
stone bridge circuit employing Leeds and Northrup instruments
as follows: a Kohlrausch slide wire (Model 4528), an AC-DC re-
sistance box (Model 4756), an AC Null detector (Model 9844),
and a 1000-cycle oscillator (Model 9856).





where *f is the zeta potential, i\ is the viscosity of the sus-
pension, V is the velocity of the particles, D is the dielectric
constant of the suspension, and E is the field strength. The
viscosity and dielectric constant of the various suspensions







. Details of the preparation of this material
have been given in the previous section.
Composition
. The mole ratio of reagents employed in the
preparation of this material was O.83 Ca:Si. The previous re-
sults of Kalousek (1957) revealed that a negligible amount of
free silica remained in a similarly-prepared product made with
Ca:Sl ratio 0.80; it was considered that the slightly increased
Ca content would result in complete conversion of all of the
silica present. The various characterization methods employed
revealed no indication of any incompletely reacted started ma-
terials or of any impurities. No chemical analysis was performed,
but the loss on ignition was determined to be 13$. If it is
assumed that all of the initial material reacted and all of the
ignition loss is due to water, the calculated molecular compo-
sition for the compound is then Cao.83Si1.00^0 78*
X-rav Diffraction . The x-ray diffraction pattern for this
preparation Is given in Figure 3« Virtually exact agreement Is
observed between this pattern and the corresponding diffractometer





Figure 3. X-ray Dlf flactometer Traces of Unsubstituted




powder pattern for tobermorite listed by Heller and Taylor (1956)
Is also excellent. The observed basal spacing is 11. 2A.
Morphology
.
The appearance of the unsubstituted tobermorite
under the electron microscope Is shown in Figure 4. The material
occurs in thin plates with only a slight tendency toward elonga-
tion. This morphology is essentially Identical to that found
by previous investigators for synthetic tobermorite. An electron
diffraction pattern from a typical field is also given in
Figure ^. The electron diffraction pattern is consistent with
the x-ray diffraction results given above.
Differential Thermal Analysis . The DTA diagram for this
pattern secured on the Eberbach portable DTA unit is given in
Figure 5« A distinct endothermlc reaction is observed at 275°C
due to dehydration and partial collapse of the structure to a
9«5A phase; a barely noticeable exothermic reaction takes place
at about 820°C. Similar features were displayed In a corres-
ponding pattern by Kalousek (1957* Fig. 5a) •
It was observed that the unsubstituted tobermorite did not
undergo any particular shrinkage in the sample well as the result
of thermal transformations. After the conclusion of the run the
sample material was removed and x-rayed. As expected, the
pattern observed was that for wollastonlte, and no other phases
were observed.
Infrared Absorption . The infrared spectrum obtained for
unsubstituted tobermorite is given in Figure 6. A 5X scale
expansion was used, and the resulting resolution and deflnltive-
ness of the pattern is noticeably better than those so far






Figure 4-. Electron Micrograph and Electron Diffraction











Figure 5. DTA Results for Tobermorlte and 3, 5, 10 and 15%
Substituted Al-Tobermorltes. Heating Bate Varies
From 58°C to 5°C Per Minute.
:% Mg
VALJES GIVEN ARE FREQUENCIES
OF BAND CENTERS IN CM
Figure 6. Portions of Infrared Absorption Spectru of Tober-




The major feature observed Is a strong, comparatively sharp
band centered at 97c cm" " (10.3M )» attributable to SI-0 lattice
stretching vibrations. A small subsidiary maximum on the shoulder
of this band is noted at 890 cm-1 (11.25 JU )> probably due to
a trace of CaC0_ produced by carbonation. A very small but re-
producible absorption feature occurs at 922 cm (10. 85/4 ).
The water deformation vibration is observed at about 1620 cm" 1
(6.18/^ ). However, the only feature observable in the hydroxyl
region Is a very broad, weak band between 3^°0 and 3000 cm
(about 2.95 to 3«35//t )> apparently bonded OH groups of various
strengths of bonding are present in the sample. Another feature
noted is a fairly weak but broad band centered at about 1^40 cm
(6.95/* )» presumably this is the band attributed to carbonate
and discussed at some length in the literature review. Other
features not previously encountered are visible in the low-
frequency end of the spectrum. These include a relatively sharp
band at about 1200 cm" 1 (8.35/*. ), with a shoulder at about
1170 cm" (8.55 pi ); and a pair of bands at 74-0 and 660 cm" 1
(13.5/1 and 15.1 fi ) respectively.
The Interpretation of the infrared spectra of complex sili-
cates of this type is not far advanced and no explanation can
be offered for most of these observed features. Several of them
appear to change somewhat with isomorphous replacement in the
lattice, and these shifts will be discussed later.
The amplitude of the adsorption in the OH stretching region
is unexpectedly small, being only about 10$ of that of the main
Sl-0 band. Published spectra of synthetic tobermorlte by
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Kalousek and Roy (1957) and of Loch Eynort natural tobermorlte
by Hunt (1962) show OH stretching bands that appear to have
intensities in the range of 50-75$ of that of the Sl-0 band.
Both these workers used the KBr pellet technique in which the
sample was mixed with KBr powder and subsequently formed into
a transparent window under pressure. One wonders whether these
workers were completely successful in eliminating adsorbed
water from the KBr powder, despite their efforts to do so.
It was suggested to the writer by W. F. Bradley that lack
of more definite OH stretching vibrations might possibly be due
to orientation of the OH groups in a direction perpendicular
to the plate; in dioctahedral micas such an orientation prevents
activation of OH stretching vibrations unless the plate is
oriented at an angle to the direction of the beam other than
90° (Serratosa and Bradley, 1958). However, experiments in which
the plate was oriented at 3°° and at 60 to the incident beam
produced no significant change in the spectrum in this region
except a slight decrease in intensity, thus eliminating this
possibility.
Water Vapor Adsorption and Surface Area . The surface area
of this preparation was measured in duplicate using water vapor
adsorption at 21°C. Adsorption data plotted according to the
standard BET equation gave a good straight line fit; however,
the partial pressures limits of the region of fit were lower
than those commonly observed, being at least as low as 0.03 at
the lower limit and about 0.22 at the upper limit. The slope
and intercept of the line were evaluated by least squares,
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and using an area of 11. ^-A per HO molecule, the surface area
was determined to be 78 m2/g. The precision between duplicates
was reasonably good, the Individual estimates being 76. and
80.6 m2/g. The heat of adsorption of the homogeneous part
of the first layer i mEL ") was quite high, 13,640 cal/mole. It
should be noted that this heat of adsorption value includes
the heat of condensation of liquid water which at the temperature
employed Is 10,550 cal/mole.
The isotherm itself was essentially a type II according to
Brunauer's classification (Brunauer, 19^3» P» 150). Certain
features observed on this and similar Isotherms for substituted
tobermorites are worthy of further note and are discussed in
the section on substituted tobermorites.
Cation Exchange Capacity . The cation exchange capacity of
this phase, as determined by the procedure described in the
section on methods, was 3^ milli-equlvalents per 100 grams.
This is about the range normally reported for the clay mineral
illite (Grim, 1953, p. 129). Possible causes of this observed
capacity are discussed later.
Zeta Potential and Sign of Surface Charge . Attempts were
made to measure the zeta potential of this tobermorite In a very
dilute suspension (0.005$) in distilled water. The pH of the
resulting suspension was approximately 9.0; the particles were
observed to be negatively charged (i.e. moving toward the anode)
at a velocity consistent with a moderately high zeta potential.
However measurements of the field strength in such a system
were practically impossible to duplicate because of the erratic
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nature of the current flow across the cell, and no value of zeta
potential can be reported.
A similar suspension was prepared in 10~3 m NaCl solution (pH
8.0) and this appeared to give reliable results. The zeta po-
tential determined for this system was
-33 mv., a reasonable
figure
.
Stein (i960) reported that the electrophoretic velocity of
tobermorite in strongly basic systems decreased continuously as
the Ca concentration Increased, and the particles became
positive at a Ca concentration higher than k X 10"^ M. To
confirm this effect, portions of the present sample were sus-
pended in two Ca(0H) 2 solutions: a) a tenfold dilution of
saturated Ca(0H) 2 in distilled water (approximately 2 X 10"-^ M.,
pH 11.0), and b) the undiluted saturated solution (approximately
2 X 10" 2 M., pH 12.^). Suspension in the diluted solution re-
duced the negative zeta potential of the tobermorite particles
to 11.6 mv.; in the saturated Ca(0H)2 the zeta potential could
not be accurately determined owing to flocculation but it was
apparent that the particles were moving toward the cathode, i.e.
had become positively charged. Thus the results of Stein are
confirmed with this tobermorite.
The effect of calcium in lowering and eventually reversing
the negative charge of tobermorite particles is not restricted
to strongly basic suspensions. Tobermorite suspended in a 10~3
M CaCl2 solution (pH 8.6) had a measured zeta potential of only
-16 mv., compared to the -33 mv. found In the NaCl solution of
the same concentration of cations. Furthermore, the phenomenon
100
Is not restricted to calcium ions; the same tobermorlte suspended
in a 10"3 m solution of A1C1 was examined, and although the
zeta potential was not measured, the particles were seen to be
strongly positive.
These observations suggest that the phenomenon involved is
the well-known ability of certain inherently negatively-charged
surfuces^to irreversibly adsorb certain kinds of polyvalent
cations from solution and thus lower their negative charge; if
the solution is sufficiently concentrated, a large enough number
of cations may be adsorbed to reverse the sign of the surface
charge and make it strongly positive. Such phenomena have been
reported for glass (Rutgers and deSmet, 19^5 )» for montmorillonlte
(Hemwall and Low, 195&) and for many other kinds of material.
Plasticity of the Tobermorite-Water System . It is apparent
that tobermorlte resembles the clay minerals in many of its prop-
erties, including platy shape, high surface area, cation exchange
capacity and negative charge (it least in the absence of high
concentrations of polyvalent cations}. One of the outstanding
characteristics of clays is their ability to form plastic
systems when wetted with appropriate amounts of water. An
attempt was made to see if tobermorlte has analogous properties.
A portion of the undried hydrothermally-prepared material
was removed from the bottle and worked between the fingers for
some minutes. The initially gritty texture of the mass was
gradually replaced by a smooth plastic "feel" akin to that used
by soil surveyors and field geologists as an indication of the
presence of clay. It was found that a fine "wire*' of tobermorlte
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could be formed easily and the mechanical behavior of the
tobermorite-water system seemed to be completely analagous to
that expected of a wet, plastic clay.
In an attempt to quantify this observation the standard
Atterberg limit tests (ASTM designations: D-423 and D-^24)
were performed. The material appeared to behave in a reasonably
satisfactory manner in both tests and the observed liquid and
plastic limits were 375% and 2?0#, respectively. The high water
holding capacity of the material in the plastic state is note-
worthy.
Effect of_ Glycerol on Basal Spacing . A characteristic
property of expanding lattice clay minerals is their ability
to Imbibe polyalcohols, notably glycerol and ethylene glycol,
between the individual unit layers of the clay structure. This
normally results in an increased basal spacing for the substance,
and is the basis for the common methods of identification of
montmorillonite and halloysite (see for example Grim, 1953» P«
271).
To see if similar behavior could be demonstrated for
tobermorite, glycerol was added to a portion of the undried ma-
terial, mulled well, and the preparation x-rayed immediately
and again several days later. The basal spacing remained at
11. 2A in both cases, suggesting that polyalcohols are not inter-
calated between the unit layers.
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The Effect of Lattice Substitution
on the Properties of Tobermorite
ajQcL Notation. As previously discussed, Kalousek
(1557) prepared a set of well-crystallized tobermorltes incor-
porating various amounts of aluminum (from kaollnlte) into the
tobermorite lattice; he characterized the resulting products
by x-ray diffraction and DTA. The present phase of this study
had three objectives: to reproduce the work of Kalousek and
further characterize the phases produced; to determine if alumi-
num could be introduced into the tobermorite lattice from other
sources; and to explore the possible substitution of other atoms,
notably Iron and magnesium into the tobermorite lattice.
In discussing substitution of one element for another in
a crystal lattice it is desirable to have a pertinent measure
for the amount of substitution attempted or achieved. Kalousek
expressed the percentage of aluminum in tobermorite in terms
of percent of A1? 0~ based on the ignited weight of the sample.
Hs presented considerable evidence to show that the substitution
occurred as replacement of silicon atoms in tetrahedral coordi-
nation (in the silica chains). In the light of this result, in
the present work the convention is adopted of expressing the
amount of aluminum added as the mole fraction (expressed in
percent) of the silica that is presumed to be replaced by alumina.
The common convention with calcium silicate hydrates is to write
the chemical composition in terms of mole fractions of other
constituents relative to sillca
f
as for example, C o^S i ooH l 00*
One can readily express the composition of a substituted phase
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In a similar manner. For example, consider a tobermorite of
an ideal Ca:Si ratio of O.83 and water stoichloraetrically equiva-
lent to the amount of silica, which then has a 2>% replacement of
Al for 31. Its formula would be written C0>83 (jS0#97A0#0^| H1>00 .
The equivalent of 1% A12 3 based on the ignited weight of
the sample, as used in Kalousek f s paper, is almost 2% substitution
of Si by Al In the present notation.
Preparation of Substituted Tobermorites . A set of aluminum-
substituted tobermorites having their aluminum derived from ad-
ditions of kaolinlte (Georgia Kaolin Co. "Hydrite- 10" grade)
were synthesized hydrothermally in accordance With the methods
previously described. Kaolinlte was added to the mix in amounts
calculated to supply aluminum to substitute for 3, 5» 10 and- ^-5%
of the silica in tobermorite. The quartz used in the starting
mix was reduced by the calculated amount of S102 introduced in
the kaolinite.
Two samples of tobermorite were prepared having aluminum
substitution derived from gibbslte (Malllnckrodt U.S. P. grade
A1(0H) ) Instead of from kaolinite, the percentages of replacement
being calculated as 10 and 15%$ respectively.
The results for these samples, discussed in detail below,
were at first interpreted as indicating that essentially complete
incorporation of the aluminum was obtained in both sets and that
the phases present after synthesis consisted only of tobermorite;
except that materials having 15% substitution of Al for Si were
thought to contain a small content of hydrogarnet . These results
would be in accord with the conclusions of Kalousek (1957) on
10**
similar preparations. However, electron microscopy and electron
diffraction results, which are discussed subsequently, suggest
that one of the alumina-bearing samples contains in addition to
the tobermorite a fraction of material that is identifiable
as CSH(I) and some of the aluminum added may possibly be
found in this second phase.
Substitution of other atoms into the tobermorite lattice
was also attempted. Samples were prepared incorporating iron
in the form of hematite in amounts calculated to yield 5% and 10$
replacement of Si by Fe. However, x-ray diffraction of the re-
ailting products suggested that not all the iron had entered
the tobermorite lattice, but that some residual hematite remained.
This was also attested to by the red color of the hydrothermal
products. On firing to wollastonite (a phase whose x-ray lines
do not seriously overlap the main lines of hematite), this con-
clusion was confirmed. A set of standards were prepared by mixing
hematite with a wollastonite produced by firing pure unsubstituted
tobermorite. Detailed comparison of the peak height of the main
hematite peak for the fired substituted tobermorltes with those
for the standards suggested that only a very slight degree of
lattice substitution had been accomplished, and that most of
the added hematite remained as such.
A second trial was made, using goethlte Instead of hematite
a s the iron-bearing phase; this procedure appeared to be more
successful. Goethite added in an amount calculated to replace
10$ of the silica in the resulting tobermorite produced a pro-
duct that was almost white; a faint tan tinge could be seen on
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careful examination. X-ray diffraction of the product showed no
trace of goethlte (main peak at 4.16A completely absent^, nor
was there any Indication for hematite. However, on firing, the
sample turned a faint pink, and examination of the material
formed disclosed a pattern for wollastonite with a small but
definite peak for hematite. Comparison of the size of the peak
with those of the standards previously prepared suggested that
about 8% of the desired 10$ replacement had been accomplished,
free hematite equivalent to about 2% replacement being observed.
The Incorporation of magnesium into the tobermorite lattice
was also attempted, the magnesium being supplied as periclase
(reagent grade MgO) . The amount added was calculated as that
sifflclent to effect a 10% replacement of Si by Pig. The product
was white in color and gave a tobermorite x-ray pattern with
no evidence of residual periclase. A small peak occurred at
2.35A that might be due to brucite (Mg(0H) 2 ). The fired pro-
diet gave a wollastonite x-ray diagram with no evidence of MgO.
However, a small endothermlc reaction was observed at about ^35°C
on DTA, and this is attributed to a small content of Mg that
did not enter the tobermorite lattice but was converted to
brucite Instead. A series of standards was prepared from
mixtures of brucite and unsubstituted tobermorite and DTA
patterns were run. A comparison of the intensities of the 435 C
endothermlc peaks suggested that the equivalent of about 7%
of the silica had been replaced by Mg, an amount equivalent to
about 2>% being found as brucite.
It should be stated at this point that the assignment of
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substitution of Iron and magnesium as replacing the silica of
tobermorite Is at present only "conventional"; there is no
definite proof at hand that these elements actually substitute
in the silica chains although it is thought that this is probable.
Thus, the evidence summarized here Indicates that not only
aluminum but also iron (when added as goethite) and magnesium
(when added as periclase) can be incorporated into the lattice
of hydrothermally-synthe sized tobermorite. The effect of these
substitutions on some of the characteristics of the tobermorite
phase are discussed.
X-Rav PiffractiQn, Characteristics oX Substituted Tober-
morites . X-ray dlffractometer chart tracings of the series of
Al-substituted tobermorites prepared with kaolinlte as the
source of aluminum are given in Figure 3* All of the materials
give almost identical patterns indicative of well-crystallized
tobermorite. There are, however, some slight but systematic
differences that are worthy of note.
First, there is a slight increase in the basal spacing
with aluminum substitution, the shift being from about 11. 2A
in the unsubstituted tobermorite to about 11.5A in the sample
having l$% nominal Al-substitution. Such an effect was noted
previously by Kalousek (1957)
•
Kalousek also reported a gradual increase in the intensity
of the strong pecik at 2.81A with increasing content of aluminum
in his aluminum-substituted tobermorites. For the present samples,
the relative intensities of this line (as a percentage of the
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intensity of the strongest line at 3.07A in each case) decreases
approximately linearly with aluminum content, being 55%, 52%,
kk%, ?>9%, and 33$ for samples containing zero, 3, 5, 10, and 15%
nominal aluminum substitution, respectively. Thus this observa-
tion of Kalousek* s is confirmed with the present materials.
It is pertinent to note here that the x-ray dif fractometer
i
traces of the two Al-substituted tobermorites prepared with
gibbslte as the aluminum source are almost completely, identical
to those of the corresponding samples prepared with kaolinite,
with the exception noted below.
Kalousek reported the appearance of a hydrogarnet phase
(CoASKv) in his compositions prepared with more than 5 »1% Al2°v
this corresponds in the present notation to products having nomi-
nal substitution greater than 11$. Thus one would expect to
find evidence of the hydrogarnet phase in the nominally 15%
substituted sample. The strongest line for the hydrogarnet is
at 2.76k\ Kalousek used this line as the criterion for the presence
of the phase, but since it overlaps the strong tobermorite line
it 2.81A, he used the 5«°7A line of the hydrogarnet to estimate
the amount present. Inspection of the present pattern for the
15% phase shows no line at 5«7A, but there is a definite shift
downward in the position of the 2.81A tobermorite line for this
phase, the actual peak being 2.79A. Also, the general sharpness
of the tobermorite pattern for this phase is somewhat reduced.
Thus the presence of a small amount of perhaps poorly-crystallized
hydrogarnet in this nominally 15% Al-substltuted phase is a
possibility. Examination of the corresponding product prepared
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using glbbslte rather than kaolinlte reveals a definite, though
small, peak at 5«07A, confirming the formation of the hydro-
garnet. It is not known whether the apparent difference in the
amount or crystallinity of the hydrogarnet is accidental, or if
the kaolinlte restricts the formation of the hydrogarnet phase.
Having explored the effects of substitution of increasing
amounts of Al on the tobermorlte x-ray pattern, we turn our
attention next to a comparison of the differing effects produced
by nominally the same amount of substitution of the elements,
aluminum, iron, and magnesium. Figure 7 gives the x-ray dif-
fractometer traces of the unsubstituted tobermorlte again, for
reference, and those of three samples each containing a nominal
10$ of its silica replaced by aluminum, iron, and magnesium,
derived from gibbsite, goethite, and periclase, respectively.
Perhaps the major difference observed is the change in
relative intensities of some of the strongest peaks. These
differences are difficult to see in the figure, but Table 1
presents the Intensities of the four main peaks as scaled
from the charts, along with those of the sample with 10$ Al-
substitution from kaolinlte. It is clear from the table that
Al-substitution has only a very moderate effect on the intensi-
ties of these peaks, but the effect of Fe and Mg substitution is
qualitatively different. For both the latter, the basal In-
tensities of the (002) and the (222) peaks are approximately
halved, while the strong peaks due to reflecting planes entirely
within the unit layer, viz the (220) and the (400), are essentially
unchanged In Intensity. It appears that the substitution of
: % Mq !FROM PERICLASE)
_i ; i_ _i i i_
62 58 54 50 46 42 38 34 30 26 22
DEGREES 2»
Figure ?. X-ray Diffractometer Traces of Tobermorite and of
10# Substituted A1-, Fe-, and Mg-Tobermorltes.
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Table 1. Intensities* of Four Strongest X-ray Lines for Tober-










Tobermorlte 61 90 58 49
Al-Tobermorite
(from kaolinite) 71 93 64 38
Al-Tobermorite
(from glbbsite) 72 91 60 42
Fe-Tobermorite 33 92 32 *3
Mg-Tobermorite 30 102 31 44
* Intensity values are net peak heights, CPS, scaled from chart
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iron and magnesium (both of which have ionic radii substantially
larger than aluminum) results in some disorder in the c-axis
direction, i.e. perpendicular to the plane of the layers.
Another marked difference between the pattern for unsubsti-
tuted tobermorite and those obtained for the substituted phases
is the appearance of new peaks marked by arrows on the chart.
The new peaks appearing and the kind of substitution for which
they are observed are as follows:
1.9^ - 1.95A (Fe, Mg)
2.67 - 2.7^A (Al, Fe, Mg)
4.20 - 4.25A (Al, Fe, Mg)
7.0A (weak) (Fe, Mg)
'A third difference Involved marked intensity increases for
lines at 3.35A and 3.60* in the Al and Mg tobermorites, re-
spectively. These are presumably (hOj£) lines according to
Heller and Taylor (1956, p. 36).
To summarize these results, the observations of Kalousek
(1957) with regard to small changes in the x-ray pattern of
tobermorite with increasing aluminum substitution have been con-
firmed in detail. Aluminum substitution does not seriously
affect the intensities of the major peaks, but corresponding iron
and magnesium substitutions approximately halve the intensities
for the (002) and (222) peaks, indicating disorder in the "c"
axis direction. Certain new peaks (2.7A, 4.2A) appear with
all of the substltuents while others (I.95A, 7.0A) appear only
with substitution of the larger ions, iron and magnesium. Two
other lines previously observed become prominent; one at 3.35A
with aluminum substitution and the other at about 3.6A with
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aluminum or magnesium substitution.
Differential Thermal AflftJ.ySlS £&£ Thermal Transformations.
According to Kalousek (1957) the major characteristic observed
for Al-substituted tobermorite on DTA was a strong, sharp exo-
therm at about 860°C; the exact temperature was said to increase
slightly with increasing Al content. With very high contents
of aluminum added to the charge (and concommitant formation of
noticeable amounts of the hydrogamet phase) the intensity of
the reaction was observed to decrease.
DTA diagrams of Al-substituted phases containing 3, 5» J-0»
and 15% substitution were given in Figure 5» The analyses were
made using the Eberbach portable DTA unit and in view of the
varying but reproducible heating rate the temperature of the
exotherm Is not directly comparable to that obtained by Kalousek.
It is immediately obvious th^t within this range of substitution,
Increasing the amount of aluminum leads to increasing sharpness
and intensity of the exothermic effect, and to an Increase in
the temperature at which this effect occurs. The small exotherm
observed at 380°C is apparently due to the small content of
hydrogamet formed in the sample with the highest aluminum content.
The DTA patterns of unsubstltuted tobermorite and those
of nominally 10% Al, Fe, and Kg-substituted tobermorites are
compared In Figure 8. The aluminum-bearing phase shown here
is that derived from glbbsite; its DTA is similar to the corres-
ponding pattern in Figure 5* for the corresponding phase with
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Figure 8. DTA Results for Tobermorite and for 10# Substituted
A1-, Fe-, and Mg-Tobermorites.
11**
aluminum derived from kaolin lte. The cause of the endotherm at
635°C is not known. The endothermlc response at 475°C in the
Mg-substituted sample Is attributed to a small content of brucite
and similarly the slight response at 365°C is due to a trace
of unreacted goethlte in the Fe-substituted sample.
The most prominent feature of Figure 8 Is the absence in
Fe- and Mg- substituted tobermorltes of the strong exothermic
reaction observed for the Al-substituted phases. It was ob-
served that Al-substituted tobermorite undergoes a very re-
markable volume shrinkage in the course of the differential
thermal analysis, the sample at the conclusion of the run being
a very hard white product seemingly fused to the thermocouple
bead. Its volume is only about half the Initial volume of the
packed tobermorite powder. The iron and magnesium-substituted
tobermorltes do not undergo any such change, nor does the un-
substltuted tobermorite. Yet all four materials yield apparently
identical x-ray diffraction patterns for wollastonite at the
conclusion of the run.
To determine whether the exothermic response of the aluminum-
bearing tobermorites is in fact associated with the shrinkage
phenomenon, a sample of the aluminum-bearing phase with 10$
nominal substitution, derived from kaolinlte, was packed Into
a DTA sample well and a DTA run was started. The run was
interrupted at 25° intervals to observe whether the shrinkage
had yet occurred. No change had occurred at 75 Q°^t but at 775 C
partial shrinkage was observed, and by 800°C the shrinkage was
complete. The temperature of the exothermic response for
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this sample In Figure 5 is 825 C, but its initiation is preceded
by a small dip at just below 800°C. Thus the two phenomena
appear to be manifestations of the same reaction, the shrinkage
apparently just preceding the exothermic response.
According to literature reviewed earlier in this report,
tobermorites generally undergo a transition to a 9«5A collapsed,
partially dehydrated state at some temperature below 650°C, and
the latter transforms to wollastonite at about 800°C. At least
one report has been published about a 11A tobermorite which is
transformed directly to wollastonite (Gard and Taylor, 1957).
To check on whether such differences in the course of thermal
rearrangement might possibly explain the differing behavior of
the Al-substltuted tobermorite from the others, samples of the
four tobermorites whose DTA patterns are given in Figure 8 were
heated in a muffle furnace at 35°°C for one-half hour, cooled,
and x-rayed. In all cases the 11A basal spacing had disappeared.
Small but distinct peaks at 9.8A and 9«3A appeared for the un-
substituted and the Al-substltuted tobermorites, respectively*
while less definite peaks at about 9»5A appeared for the other
two materials. Further heating at 650°C for 30 minutes had no
significant effect on diffraction spacings and intensities.
Thus it appears that collapse of all Of the materials to the 9»5A
state occurs by 350°C, and the results offer no indication of why
the Al-substituted tobermorite transforms to wollastonite ac-
companied by shrinkage and a strong exothermic peak and the
others do not.
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MprfthPlOgy ZL SMPStUtttflfl Tobermorltfts. Samples with 10#
nominal substitution of aluminum from kaollnite and of iron
from goethite were examined under the electron microscope.
The morphology of the iron-substituted material was similar to
that of the unsubstltuted tobermorite (Figure 9A) except that
there was a considerably more pronounced tendency to elongation'
of the plates, many of the particles approaching a lath-like
morphology. It is interesting that iron-rich montmorlllonite
(i.e. nontronlte) also exhibits elongate, lath-shaped units -
(Grim, 1953, p. 116).
The electron diffraction diagram from a field corresponding
to that shown in Figure 9A gives "spotty* rings similar to those
of Figure k for unsubstltuted tobermorite except that additional
lines occur corresponding to the additional lines found on x-ray
diffraction. The sample also contains some material of finer
particle size, and a field of such material was isolated and is
shown in Figure 9B. The morphology is similar to that of the
coarser particles; and electron diffraction of the fleld-
( Figure 10A) shows that the fine material is also very well
crystallized tobermorite with an electron diffraction pattern
identical to that of the coarser particles, except that the
rings are noticeably less spotty.
However, a different situation arises with the aluminum-
substituted sample. The morphology of this product is shown in
Figure 11A. The particles are flat sheets, many of which have
sharp angled corners. There is no particular tendency toward
elongation. In a few of the fields examined, including this
one, some very fine platy or foil-like material is also observed.
(A) At.
(B)
Figure 9. Electron Micrographs of 10#-Substltuted Fe-
Tobermorlte. (A) Typical Field. (B) Field
Selected to Show Fine Particles.
(A)
(B)
Figure 10. Selected Area Electron Diffraction of Fields Se-
lected to Show Fine Particles. (A) 10# Substituted
Fe-Tobermorite. (B) 10% Substituted Al-Tobermorite
(A)
(B)
Figure 11 Electron Micrographs of 10$ Substituted Al-
Tobermorites. (A) Typical Field. (B) Field
Selected to Show Fine Particles.
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This material appears to resemble the CSH(I) preparations to be
discussed later. It was difficult to find a field in which the
larger particles were absent, but one was located in which only
a few of the coarse particles were present (Figure 113) and a
selected area electron diffraction diagram secured. This dia-
gram, Figure 10B, shows primarily the three rings corresponding
to the three spacings of tobermorite that are carried over into
the CSK(I) crystallization. There are additional spots for a
few lines at smaller '"d 1 " values than these, but they are too
faint to show up in the photographic reproduction and are pre-
sumably due to the few large crystals that are present in the
field.
Careful examination of the outermost ring which corresponds
to a Hd" value of about 1.8A indicates that there are two
spacings present; an inner ring with a definitely coarse spotty
character, and an outer ring a slight distance away, which is
smooth in character. The x-ray diffraction line for this peak of
toberrr.crite occurs at 1.8^A; that for the corresponding line of
CSH(l), as will be indicated later, is at 1.82A. Thus the
electron diffraction data are interpreted as Indicating that
at least this particular member of the aluminum-substituted
samples is composed of two phases ; most of the material is
well-crystallized, aluminum-substituted tobermorite, but some
fine material is also present which is foil-like CSK(l) and not
tobermorite.
Infrared Spectra of, Substituted Tobermorltes. The infrared
spectra of the Al-substltuted tobermorltes are similar to the
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pattern for the unsubstltuted phase. The strongest feature was
the Sl-0 band at about 970 cm and again the very weak, broad
OH-stretching band at about 3*4-00 cm" 1 , the water bending vibra-
tion at about 1615 cm and the band attributed to carbonate
at about 1440 cm" were observed. Certain subtle, but distinct
differences between the spectra of the tobermo.rite and Al-
substituted tobermorites were observed. First, the small but
reproducible absorption feature at 922 cm" In tobermorlte was
not present in the Al-substltuted samples. Second, the band
at 890 cm" 1 in tobermorlte, presumably the out of plane bending
mode of CO ~ appeared at about 878 cm" in the Al-substltuted
tobermorites. Third, the sharp band at .about 1200 cm"" in
tobermorlte shifted to lower frequencies with Increasing Al-
substltution, the lowest position being approximately 1170 cm"
with the 15$ Al-substltuted sample. Finally, the band at 7^5 cm" 1
in tobermorlte shifted markedly to about 720 cm in the Jfo Al-
substltuted sample and then shifted further toward the low
frequency end with additional aluminum substitution. The regular
shift of the 1200 cm" 1 band with amounts of Al-substitution is
shown in Figure 12. These tracings are for the set of samples
with the aluminum derived from kaolinite; the two samples pre-
pared using gibbsite gave virtually identical patterns to the
corresponding members of the above series.
Figures 7 and 8 show a portion of the patterns for the un-
substltuted tobermorlte and for the nominally 10^ substituted
tobermorites with Al, Fe, and Mg replacement, respectively.
In general, the latter two patterns resembled that for the un-






































































samples discussed above. The small feature at 922 cm" 1 In
tobermorlte, absent In the Al-substituted materials, was present
In both Fe- and Mg-tobermorites; Pe and Mg substitution did not
cause a shift In the bands at 890 cm-1 and 1200 cm'1 . The
feature at about 1175 cm In unsubstltuted tobermorlte shifted
to about 1150 cm~ In the Fe-bearlng sample and disappeared
entirely In the Mg-bearlng material. The band at 7^5 cm"1 in
unsubstltuted tobermorlte shifted slightly to about 73$ cm" 1
In the Mg-substituted sample and to 730 cm" in the Fe-tobermor-
ite.
Assignment of various bands to particular vibrational modes
in complicated silica structures Is still strictly empirical,
Stubican and Eoy (1961, 196la) have allocated various bands in
the hydrated alumlnosilicates and magnesium silicates on the
basis of a program of synthesizing known phases and observing
their spectra. Eoy (1962) tabulated these assignments for the
specific purpose of possible assistance in interpreting corres-
ponding spectra of tobermorite-like calcium silicate hydrates.
Unfortunately, the features observed in the present study,
aside from the main Sl-0 band itself, do not appear to have any
obvious correspondence to those noted in Hoy's table. In view
of this, no attempt will be made to interpret the observed
spectral features.
The Effect oJL Substitution oja i&& Surfa.ce AxSii oX Tobgr-
morite . The surface areas of the substituted tobermorites were
determined from water vapor adsorption experiments at 21°C by
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Kalousek (1957) noted by electron microscopic observation
that the crystal size of aluminum-substituted tobermorlte "de-
creased markedly* with Increasing aluminum content; thus, one
would expect a more or less regular increase in surface area
with Al-substitutlon. These expectations were not borne out.
The range in surface area observed is only from 74 to 117 ni2/g.
The two extreme values were for samples with 3% and $% Al-
substltution, respectively. In general, the data suggest that
substituted tobermorltes have slightly greater surface areas
than the unsubstltuted material, and that the iron- and
magnesium-bearing preparations have slightly less surface area
than the corresponding aluminum-bearing phases. The general
order of magnitude of surface is about that normally associated
with the clay mineral illlte, which occurs in platy crystals
of about the same size range as the tobermorlte particles.
There is no need to postulate any "internal surface" to account
for the observed magnitude of the surface area.
The Effects of Substitution on. Properties oX the Tobermorlte-
Water Surface . Adsorption isotherm data can yield considerable
information with regard to the interaction of a surface with
the adsorbate used; for this reason several additional isotherm
points were taken beyond the O.05-O.35 partial pressure range
normally required for BET surface area analysis for some of the
samples
.
The BET treatment yields a parameter "c", which Is re-
lated to the heat of adsorption of water on the supposedly
energetically uniform portion of the first layer of adsorbed
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molecules; that Is to say, the heat of adsorption onto the sur-
face remaining after Initial sorption has resulted in occupation
of the more energetic adsorption sites or "hot spots- . The
"c* parameters determined for the tobermorlte and substituted
tobermorltes in the present study were used to calculate values
of heats of adsorption "E^" by the relation given by Brunauer,
Emmet, and Teller (1938),
c = exp (E i - EL )/RT
where E. is the heat of adsorption of the uniform portion
of the first layer
EL is the heat of condensation of water vapor
R is the gas constant
T is the absolute temperature.
As may be seen in Table 2 the heats of adsorption for the
unsubstituted tobermorlte and for the Al-substltuted samples
range from about 13,300 to 13,700 cal/mole. The corresponding
values for the iron- and magnesium-bearing phases are distinctly
lower. Relatively high heats of adsorption suggest a compara-
tively strong attraction of the surface for the adsorbate, and
vice versa.
If the surface area of a sample is calculated, it is
possible to plot its adsorption Isotherm on a reduced scale,
that is to say, using as the ordinate the amount of water ad-
sorbed per square meter of surface rather than per gram of ad-
sorbent. If adsorption isotherms for a series of samples of
differing surface areas but of Identical surface properties are
so plotted, all the points should fall on the same adsorption
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curve, within experimental error. Such a situation was demon-
strated by Wade, e_£ al- (I96l) in their study of the water vapor
sorption properties of fused quartz.
A plot prepared in this manner for unsubstltuted tobermorite
and for the several Al-substltuted toberraorites is given In
Figure 13. It appears that one may conclude from the concordance
demonstrated that aluminum substitution in the lattice does not
significantly affect the water-vapor sorption properties of the
tobermorite surface.
Similar data were calculated for the iron and magnesium-
substituted tobermorites. These show the same shaped isotherm,
but the amounts adsorbed per unit of surface at a given value
of the partial pressure are slightly less than those shown In
the figure. This may be interpreted as reflecting a slightly
less hydrophillc surface, which is in accord with the lower
heats of adsorption calculated for these samples by the B2T
theory
.
All of the adsorption Isotherms appear to be of the "Type
II" classification of Brunauer (19^3» P- 150). However, the
relative height and sharpness of the "knee* of the isotherm
suggest that adsorption in excess of a monolayer was limited,
at least until relatively high partial pressures were attained.
Brunauer, Deming, Demlng, and Teller (1938) developed a genera-
lized theory of adsorption which includes the cases in which
adsorption is restricted to a specific number of molecular
layers of adsorbate on the surface of the adsorbent. This
theory resulted in an equation for the Isotherm (the BDDT equa-
tion) in which there is a specific parameter n, that represents
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Figure 13. Reduced Water Vapor Adsorption Isotherm (21°C)
For Tobermorite and Al-Substltuted Tobermorltes
12S>
this number of layers directly. The equation reduces to the
more commonly-used BET equation when n becomes large.
In accordance with the procedure outlined by Brunauer
(19^3* P» 15^) t the monolayer volume V and the c parameter de-
rived from the BET treatment of the water adsorption data for
the unsubstltuted tobermorite were used to calculate 3DDT ad-
sorption isotherms for several values of n. The resulting
calculated isotherms are shown in Figure 1^, which presents
the calcuJa tions for n values of 1, 2, and 3 layers and the ex-
perimental adsorption points. Although the experimental points
deviate at higher partial pressures, (presumably due to the effect
of capillary condensation), they fit the BDDT equation quite
well for n equal to 2 layers. It should be noted that this two-
layer figure is a limiting value; the actual adsorption, even
at the highest partial pressure used, is distinctly less than
two molecular layers.
Restriction of adsorption to a certain number of layers
is usually explained as the effect of steric limitation set
by the configuration of the adsorption surface; a common example
is adsorption in material containing most of its surface as
very fine capillaries, such as charcoal. Tobermorite has a
structure in which relatively narrow channels occur between
the ridges formed by the silica chains. If these channels
provided the major portion of the surface being measured,
the restriction of adsorption to two molecular layers might
be readily understood. However the surface area measured by
water vapor sorption, about 80 m2/g for the tobermorite and
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Figure 14. Experimental Water Vapor Adsorption Isotherm for
Tobermorlte Compared with Isotherm Calculated from
the BDDT Equation for Adsorption Restricted to
1, 2, and 3 Molecular Layers.
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is only of the order of magnitude attributable to the external
particle surfaces, considering the dimensions of the particles
seen In electron micrographs. Hence the internal channels are
presumably not active in adsorption of water vapor in the BET
partial pressure region, and little adsorption occurs beyond it.
Perhaps the failure of the channels to appreciably adsorb water
vapor is due to their being plugged near the ends, possibly with
hydrated calcium ions.
An alternate explanation of the observed restricted ad-
sorption feature of tobermorlte must then be sought. It appears
to the author that the only remaining possibility is that the
energetics of adsorption on tobermorlte are such that adsorption
beyond the first layer on the planar surface is possible but not
energetically favorable, i.e. the heat of adsorption of the second
and succeeding layers is very small (Brunauer, 19^-3 » P» 168).
Cation Exchange Capacity Measurements . The substitution
of trlvalent and divalent cations into the tobermorlte lattice,
presumably for tetravalent silicon, suggests the strong possi-
bility that cation exchange sites should be generated as a
result of such isomorphous substitution. Basically a cation
exchange determination as conventionally performed involves a
process of saturating the exchange complex with a large excess
of a particular cation, washing out the excess, and then either
determining the amount retained in situ, or more commonly, re-
placing the measuring cation with a large excess of another
variety and determining the amount so dislodged. The difficulty
of applying this simple scheme to the calcium silicate hydrates
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Is their relative instability to the washing treatments. By
definition, "Ion exchange is the reversible exchange of ions
between a solid and a liquid in which there is no substantial
change in the structure of the solid'' (Trooper and Worth, 1956).
If the procedure Involved in the determination breaks down the
solid to any extent the validity of the exchange capacity value
so measured becomes questionable.
The use of absolute alcohol as the solvent medium for the
exchange reaction has the advantage that the tobermorites are
at least reasonably insoluble in this medium and even Ca(0H) 2
h^s only a slight solubility. When the excess K Ions are re-
moved from the tobermorite suspension by washing, undesired
replacement of the remaining K ions adsorbed on the tobermorite
exchange sites by Ca++" ions generated by partial dissolution of
the sample, is minimized by use of the alcohol.
Several experiments were performed to fix the conditions
of the cation exchange determination used, particularly the
conditions of the saturation and washing procedure. These
will not be reported here, but the procedure as evolved appears
to give reproducible and satisfactory results. A sample of
Wyoming bentonite ("Volclay" brand, American Colloid Co.) gave
a cation exchange capacity (CEC) of 85 meq/100 g by this method;
this is essentially the same value as Is commonly secured for
this material with conventional cation exchange capacity methods
The CEC measurements for the various tobermorite products
by the procedure outlined previously are given In Table 3.
The values reported are averages of duplicate determinations;
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unsubstituted — — 3^
Aluminum 3% kaolinlte 29
• t i t 27
1
1
10# • t 33
i i 15* i i 20
Aluminum 10% gibbsite 23
t « 15% • t - 2k
Iron 10* goethite 21
Magnesium 10* perlclase 13
13^
the average variation between duplicates was + 1.3 meq/100 g.
The values range downward from the Jk meq/100 g reported for
the unsubstltuted tobermorlte to 13 meq/100 g for the Mg-
substltuted material.
The variation in exchange capacity with substitution is
opposite to that predicted, bnsubstituted tobermorlte has the
highest exchange capacity reported. Within the series of
substituted Al-tobermorltes there seems to be a trend of de-
creasing CEC with increasing substitution. For Mg-substitution,
one would have predicted an even greater increase in exchange
capacity since it is believed that divalent ions are replacing
tetravalent ones; instead the reverse was found. It is evident
that substitution in the tobermorlte lattice does not have thd
same effect as it does in hydrated alumlnosllicates and magnesium
silicates
.
For certain clays, notably kaolinite, a definite correlation
is often observed between CEC and surface area; the exchange
capacity being generally attributed to the effects of ''broken
bonds'* on the particle edges (see for example Ormsby and Shartsls,
i960). In this study essentially no correlation was found
between surface area and CEC for the various samples. This
does not necessarily imply that one would not find such a
correlation if one examined a collection of tobermorltes of the
same kind and degree of substitution that differed only in
particle size.
These CEC results are discussed further in a later section
in this report. Despite the apparently anomalous effect of
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substitution, It Is felt that the phenomenon of cation exchange
In these systems has been demonstrated In a valid manner, and
that the results obtained are of significance.
2fiia. Potential uiiil Surface Charge c£ Substituted Tobermorltes.
The zeta potentials of several of the substituted tobermorltes
suspended in 10 •* M NaCl solution were examined by the method
previously outlined. Lnder these conditions, all the samples
examined were negatively charged, ^he observed zeta potentials
were quite similar to that of unsubstituted tobermorite; the
individual values being -32 mv. for the 10# Al-substituted
material derived fron: kaollnite, -30 mv. for the nominally 10$
Mg-substituted tobermorite, and -38 niv. for the corresponding
Fe-substituted specimen. In view of the approximate nature of
the determination, no significance is attached to these dif-
ferences.
Summary of Experimental Results on
Well-crystallized Tobermorltes
A well-crystallized tobermorite of composition CQ< g S H
was synthesized hydrothermally from lime and quartz. It gave
a complete and detailed x-ray diffraction pattern for tobermorite
and was observed to have a domlnantly platy morphology. DTA
features included an endotherm at 275°C associated with a
collapse of the 11. 2A basal spacing to 9«5A spacing and a very
small exotherm at 820°C on conversion to wollastonlte. Infrared
spectroscopy revealed bands for Si-0 bonds, a very weak "bonded
OH" stretching band, a water deformation band, a band commonly
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attributed to the carbonate asymmetrical In-plane stretching
mode, and a number of less prominent features. The surface
area to water vapor was ?8 m2/g; the apparent heat of ad-
sorption of the first layer of water was about 13,600 cal/mole.
Adsorption of water vapor Is apparently limited to two molecular
layers, with the second probably being held much less ener-
getically than the first. Tobermorite particles were shown to
exert a negative surface charge and a zeta potential of about
-30 mv. in systems dominated by Na cations, but the charge is
reduced in the presence of Ca++ ions and becomes positive in
solutions with high concentrations of Ca++ , Al+++ , and probably
other polyvalent cations. The cation exchange capacity of un-
substituted tobermorite was determined to be 3**- meq/100 g.
Tobermorlte-water systems are plastic In nature and behave in a
manner similar to that of wet clays.
A series of substituted tobermorltes was prepared hydro-
thermally by incorporating aluminum derived from kaolinite
and from gibbsite, iron derived from goethite, and magnesium
derived from periclase. The morphology of these products was
in general platy, except that the iron-substituted phase had
a tendency toward elongated, lath-shaped particles. It was
discovered that the aluminum-substituted materials contain
fine, foil-shaped particles in addition to the tobermorite
plates, and these were shown by electron diffraction to be
CSH(I). Slight modifications of the x-ray pattern of tober-
morite were obtained on substitution, notably a weakening of
(002) and (222) peaks with Iron and magnesium substitution,
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suggesting c-axls disorder. Several peaks not previously observed
appeared as a result of substitution. The differential thermal
analysis of aluminum-bearing phases was distinctive in displaying
a very sharp, intense exothermic response on conversion to
wol-lastonlte. This response was accompanied by a very marked
shrinkage and cementation of the sample. Neither the unsubsti-
tuted tobermorlte nor the Iron- or magnesium-bearing phases
exhibited these responses. Slight modifications of the infrared
spectra were described for the substituted phases. Substitution
was found to Increase the surface area slightly but no relation
was found between the extent of aluminum substitution and the
surface area of the product. The surface areas of the iron- and
magnesium-bearing phases were less than those of the corresponding
aluminum phases. Substitution did not appear to affect the water
vapor sorption properties of tobermorlte to any marked extent.
The cation exchange capacities measured for substituted tober-
morites were significantly less than, rather than greater than,
that of the unsubstltuted tobermorite; this is opposite to the
effect predicted. The zeta potentials of the substituted phases
are similar to that of unsubstltuted tobermorlte.
Poorly Crystallized Calcium Silicate Hydrates Prepared
a,t Room Temperature - CSH(I)
Preparation and Designation of Products
The preparation of these materials has been described in
the section on Materials and Experimental Methods. Seven pro-
ducts have been characterized: four samples produced by double
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decomposition at room temperature with immediate precipitation
and no aging period; a single preparation by a more elaborate
double decomposition procedure involving simultaneous manipu-
lation of two syringes, where again no aging was involved and
two preparations made by direct action of lime on a special
dispersion product of silica, In which the product was allowed
to age for several weeks In contact with its mother liquor
before being washed and dried.
For purposes of brevity these preparations will be designa-
ted CSH(I) - 1 to CSH(I) - 7. Table 4 presents a list of the
products, the starting materials used for each, and the chemical
formula as derived from the analyses for each given in Table 2
of the Appendix.
Composition
The similarity in composition displayed by the samples
CSH(I) - 1 to CSH(l) - 4 is remarkable, considering the range
in the Ca:Sl ratios of the starting solutions used. These
preparations represent the immediate precipitation product
which perhaps is the first stage of crystallization prior to
rearrangement and improved crystalllnity characteristic of
aged products. As such, it seems clear that the typical compo-
sition of such a stage is about C S H ,, regardless of
1 . u 1 . u 1.0
the relative amounts of starting materials present.
CSH(I) - 5 represents an effort to get a higher lime CSH(II)
phase to form; as such it was unsuccessful. There was only a
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of the preceding specimens. The relatively smaller amount of
water found to be associated with this phase Is of some signifi-
cance and will be discussed later.
CSK(I) - 6 contains slightly less lime and a little more
water but Is otherwise similar to the CSH(I) - 5 product pro-
duced in a vastly more lime-rich environment. It should be
noted that the water content is far below that of the "initial"
room temperature products, as represented by CSH(I) - 1 to - *f.
CSH(I) - 7, despite its high calcium content is a true
CSH(I) phase and clearly not CSH(II) as will be shown later.
X-ray Diffraction
Figure 15 gives x-ray diffractometer traces for all
seven of the CSH(l) materials. The charts fall into three
groups which will be discussed separately.
CSH(I) - 3 through CSH(I) - 7, despite their diverse
conditions of preparation are remarkably alike so far as
x-ray diffraction is concerned. All have the strong main
peak at about 3. 02 - 3. 08A which is characteristic of tober-
morite-llke calcium silicate hydrates. All have definite
peaks at about 2.78A and 1.81A. These are the characteristic
peaks of CSH(I) or CSH(II) phases. In addition, all have a
faint peak at about 1.66A and all except CSH(I) - 5 have a
peak at 3.25A; none has a peak at or near I.56A which would
characterize CSH(II), according to the criterion of Heller
and Taylor (1956, V- 57)' In the patterns for tobermorite
and aluminum-substituted tobermorite (Figure 2) the intensity
58 54 50 46 42 38 J4 50 26
EGREES 2»
22 18 10 6
Figure 15. X-ray Dlffractometer Traces for CSH(I) Samples
Synthesized at Room Tempera ture.
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of the (222) peak at 2.97A was always distinctly greater than
that of the (400) peak at 2.82A and much greater than that of
the (040) peak at 1.84A. In the present patterns there is
little evidence of any peak at a position corresponding to
that of the (222) peak at 2.97A. While the main peak at about
3.02A in these patterns overlaps the position somewhat, if the
peak at 2.97A were present but. not resolved, one would expect
a noticeable bulge on the high-angle side of the 3.02A peak.
There seems to be a hint of such an effect only with CSH(I) -
3; the other peaks are apparently symmetrical. In view of
this and the lack of any basal spacing, it appears that there
must be almost total disorder in the c direction for these
phases, all available peaks being reflections from planes of
atoms entirely within the unit layer.
CSH(I) - 2 appears to be essentially amorphous. No
definite peaks were obtained by x-ray diffraction techniques
regardless of sample preparation. There is however a "bulge"
in the scattering indicative of some short-range order in
the vicinity of the main peak for the other specimens.
CSH(I) - 1 presents a problem of interpretation. X-ray
diffraction patterns made shortly after the preparation of
the product showed a pattern very similar to those of CSH(I) -
3 or - 4, etc. However, on re-exaraination of the material
after storage for approximately a year, the pattern shown in
Figure 2 was obtained. A second portion of the material
stored in another laboratory in a different building also
showed a changed pattern similar to the one shown. The new
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peaks present are starred on the chart, and occur at 3.56A,
3.27A, 2.72A, 2.05A, and 1.91A. The present pattern resembles
that of xonotlite, which has strong lines at 3.65A, 3.23A,
3.07A, 2.04A, and 1.95A (Heller and Taylor, 1956, p. 47).
No information relative to the basal spacing could be
obtained from the powder mount x-ray results of Figure 15.
An attempt was made to secure such information by preparing
oriented x-ray specimens. Samples of all of the CSH(I)
specimens were dispersed in water by the use of ultrasonic
apparatus, and portions of the suspension were allowed to dry
overnight on ordinary glass microscope slides. The drying
was carried out in vacuum desiccators over ascarlte, with
continuous pumping during the drying period. The results of
x-ray diffraction examination were disappointing. Broad,
shallow and irregular peaks were observed in the region of
10-14A, but their peak positions were indefinite, and the
reproducibility between duplicate specimens was poor. All
that could be concluded was that the basal spacings were
somewhere in this range. Oven-drying the specimens did not
Improve the patterns; this suggests that the irregularity
observed was not due to a random collection of mixed layer
hydration states. Effective dispersion to primary particles
(which are only a few unit layers thick) was definitely not
achieved; the specimens deposited on the glass slides were
not well-oriented. In contrast with these results, tobermorlte
disperses readily to primary particles and a specimen of
tobermorlte made in the manner described above show only a
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large, sharp basal spacing peak at 11. 2A due to the high de-
gree of preferred orientation of the primary particles.
Morphology
Samples CSH(l) - 1 through CSH(l) - 4 were not observed by
electron microscopy; electron micrographs for CSH(I) - 5 and
CSH(I) - 7 are shown in Figure 16, and for CSH(l) - 6 in Figure
17-
CSH(l) - 5 occurs primarily in extremely thin **foils**
which were readily dispersed by the preparative procedure and
resemble "snowflakes" spread out on the field (Figure 13A) . A
few fields show a greater population of thicker, irregularly-
shaped aggregates, the margins of which are toothed as if they
were composed of fibrous particles, but no individual fibers
can be observed. The product gives a distinct, strong, poly-
crystalline electron diffraction diagram consisting of three
perfectly smooth rings corresponding to the three main peaks
recorded on x-ray diffraction.
CSH(I) - 6 (Figure 17) occurs in much thicker particles
having a more definite appearance than the previous material.
The individual particles that are visible appear to be aggregates
composed of twisted platy material. A few rather large aggre-
gates such as that depicted in the bottom photograph of Figure
17 is almost Identical in appearance to Figure 1 of Kalousek
and Prebus (1953), which these authors cite as an example of
"crinkled foil** morphology.
CSH(I) - 7 (Figure 16) has a general morphology similar
to that of CSH(l) - 6 except that a much larger portion of the
Figure 16. Electron Micrographs of CSH(I) Preparation
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Figure 17. Electron Micrographs of CSH(I) - 6.
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material Is in the fine foil state and the coarser particles
seem to be more definitely platy. There 1 s no Indication of
any lath-like or fibrous material in this preparation. The
definite absence of elongated particles in this phase confirms
Its assignment as a CSH(l) material rather than a CSH(II), de-
spite the apparent high-lime content.
It may be recalled from the literature review that most
workers now are in agreement that the morphology of CSH(I) is
foil-like rather than fibrous; the present work confirms this
interpretation.
Differential Thermal Analysis
DTA diagrams of CSH(I) -5,-6, and - 7 are given in
Figure 18. The major feature is the expected sharp exothermic
reaction noted on the transformation to wollastonlte at b, 25°C
for the first two specimens and 860°C for the last. All speci-
mens show a distinct endothermic response at about 790 C, just
prior to this transition and all show a very faint endothermic
deflection at about 665°C. These features closely resemble
those displayed by the aluminum-substituted hydrothermal tober-
morites in Figure 4, especially that for the 10$ replacement
sample. The latter was shown to contain particles of CSH(I).
The strong exothermic peak for these materials is accompa-
nied by a shrinkage reaction similar to that noted for the
aluminum-substituted tobermor ites. However the shrinkage is
not as great and the product Is soft and crumbly instead of
very hard and fused.
The other prominent feature of these patterns is the initial
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water loss endothermic responses; it is observed that the one
for CSH(I) - 7 is less strong than those for the other two
samples, even though the formula derived from the chemical analy-
sis of this material suggests a much higher water content
(Table 4).
These DTA patterns were run at the Laboratories of the
Materials Research Division, Bureau of Public Roads, MacLean,
Virginia, on DTA equipment capable of maintaining a 10° linear
rate of temperature Increase. For comparative purposes, sample
CSH(I) - 6 was also run on the Eberbach portable DTA instrument.
The result of this run is similar to that shown in Figure lg,
the major differences being that the bottom of the initial endo-
therm is at 200°C instead of l60°C, and the peak of the final
exotherm is at ?95°C instead of 825°C, due to the very high
heating rate in the early part of the run and the low heating
rate in the latter part of the run with the portable unit.
Infrared Spectra
As expected, the infrared spectra of these CSH(I) materials
bear close resemblances to those of the tobermorite and substi-
tuted tobermorite materials previously discussed.
The OH stretching vibrations in these phases (not shown)
are similar to those of the tobermorites; in each case consis-
ting of a broad, comparatively shallow trough centered at
about 3^00 cm"' (2.9*+ ^< )* and in no case was there a band
assignable to the "free" OK stretching mode near 37°0 cm"-1-
(2.7 J4 ) .




Figure 18. DTA of CSK(I) Preparations. Heating Rate 10°C
Per Minute.
VALUES GIVEN ARE FREQUENCIES
Of BAND CENTERS iN CM
CSH(i)-7
Figure 19. Infrared Absorption Spectra for CSH(I)
Preparations .
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for CSH(l) - 1, 2, 6, and 7, respectively. In general, the same
major bands previously reported for tobermorite are visible
here as well; the water bending vibration at about 163C cm" 1
(6.15 yU ), the CO ~ asymmetrical stretching band at about





97C cm" x (IO.3 ft ), and bands at about 750 cm • and 660 cm"""
1"
(13.3 and 15-1 }A )• However, one obvious feature of the present
patterns is the increased intensity of the band at about 1^0 cm"
and the fact that in some cases it appears to be split into two
vibrations, one at about 1^+10 cm" 1 and the other at about 1^75 cm"1
This may be due to a removal of degeneracy usually associated
with this mode of vibration of CO-^
-
as suggested by Hunt (1959).
Another noticeable feature is the obvious weakness of the 1630 cm
'
band attributed to the water bending vibration; in both CSH(I) -
2 and CSH(l) - 7 it is almost negligible in intensity despite
the high compositional water content of both these samples.
The exact position of the Si-0 maximum varies somewhat, being
as low as 950 cm" 1 for CSH(I) - 7 and as high as 980 cm" 1 for
CSH(I) - 2. These differences may indicate differences in de-
gree of polymerization of the S102 chains as suggested for
CSH(gel) by Lehmann and Dutz (l959). Other general differences
from the tobermorite spectra include the complete lack of any
band in the 1100-1200 cm" 1 region. Also the position of the
band which is probably the C0o~ out of plane bending vibration
which occurs at 890 cm" in the tobermorites occurs at about
850-860 cm"1 in these materials. Finally, for the tobermorites,
especially the substituted ones, the general level of absorption
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of the infrared radiation is almost the same on both sides of
the Si-0 band; in the present samples this is not the case;
rather, absorption at frequencies lower than that of the main
band is Intense to the low frequency end of the pattern. It
is clear that despite the similarities in gross features one
should readiiy be able to distinguish the infrared absorption
spectra of true tobermorite f'rora those of CSH(I).
The patterns for the individual CSH(I) samples have inter-
esting variations among themselves. CSH(I) - 1 seems to be
similar to the other CSH(I) materials despite the deviant x-ray
diffraction pattern. The pattern for xonotlite (Kalousek and
Roy, 1957) shows a strong band at about 1200 cm" , which is
absent here. The relatively strong water vibration band and
the strong, split CO ~ assymetrical stretching bands are promi-
nent, otherwise the pattern is typical. CSH(I) - 2, despite
the apparent lack of crystallinity of this material, has about
the same sort of spectrum as the others; the major distinctive
feature seems to be the enlarged band at 735 cm" 1 . The spectra
for CSH(I) - 3, 4, and 5» not shown, are similar to that shown
for CSK(I) - 6, which, accordingly, may be considered typical
of the group as a whole. CSH(I) - 7, the high-lime member, has
a remarkably small water band as mentioned previously and strong
general absorption below the main Si-0 band. It appears that
the large water content of this phase must consist almost en-
tirely of Oh water rather than any form of interlay er water
molecules. Also, the association of the general absorption
level at frequencies below that of the Sl-0 band with calcium
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content appears to be manifest; CSH(I) - 7 has a significantly
higher calcium content than the remainder of the group, these
in turn have a generally higher calcium content than the tober-
morites .
Surface Area and Water Vapor Adsorption
The surface areas of these products are given in Table 5,
along with corresponding values of the heat of adsorption of
the "uniform" portion of the first molecular layer, "E w , from
the BET theory. The first four samples, prepared without any
aging procedure, have distinctly higher areas than the remainder.
All of the products have higher surface areas than the well-
crystallized hydrothermal products previously discussed. How-
ever, there is no direct correlation between area and degree of
crystallinity . Some of the well-crystallized hydrothermal sub-
stituted tobermorites have areas approaching the minimum value
for this distinctly less-well crystallized group and within
this group the sample totally amorphous to x-rays (CSH(I) - 2)
occupies only the median position with regard to surface area.
The surface area values themselves ranged from about 150
to about 350 m /g; these limits are consistent with earlier
values discussed by Brunauer (1962) which ranged from 135 to
380 m2/g.
With respect to the heats of adsorption, only one sample,
CSH(I) - 6, has an Ej. as large as that of the tobermorites.
The others have somewhat lower values and that of the x-amorphous
sample, CSH(I) - 2, is distinctly lower yet, being only about
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Table 5* Surface Areas and Heats of Adsorption of Water Vapor
for CSH(I) Preparations.
2Sample No. Surface Area (m /g) "E^", (cal/mole)
CSH(I) - 1 (355) U2.700)
CSH(l) - 2 (245) (11,700)
CSH(I) - 3 k 278 (12,800)
CSK(I) - 4 300* 12,510*
csh(i) - 5 167 13.090
CSI1(1) - 6 175 13,660
CSK(I) - 7 157 12,720
Note: Brackets around surface area values denote averages
of two determinations which were greater than + 5%
apart. Brackets around "E,*1 values denote rounded
averages of duplicate values which were greater than
+ 100 cal/mole apart. Starred values denote a single
determination.
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1150 cal/raole greater than the heat of condensation of liquid
water.
The accuracy and reproducibility of the determinations for
the first four samples appear to leave something to be desired.
This was surprising, since these materials, having high surface
areas, adsorb more water vapor at a given increment of vapor
pressure, and hence the weighing errors should have been pro-
portionately iess. Nevertheless the results were fairly erratic.
The problem may be partially due to the difficulty of arriving
at a uniform initial condition of dryness, and partially to
non-uniform dissipation of heat released on adsorption of the
water. Adsorption of significant quantities of water vapor
liberates enough heat to raise the temperature of the sample
several degrees. The system used is evacuated, and the glass
weighing bottles, the ceramic plates on which they rest, and
the glass desiccators themselves are all relatively nonconducting;
hence heat dissipation must be slow and perhaps erratic.
The adsorption isotherm data representing six of the seven
CSH(l) samples are given in reduced isotherm form in Figure 20.
Adjacent data points for two pairs of samples were given a
single symbol to avoid crowding the figure. The adsorption iso-
therm thought to be characteristic for all these samples is
indicated in the heavy solid line. The corresponding isotherm
for the tobermorite and substituted tobermo rites previously
shown In Figure 9 is represented by the dashed line. The dif-
ference is obvious. The CSH(I) isotherm is clearly a "standard











VAPOR PRESSURE (P/P )
Figure 20. Reduced Water Vapor Adsorption Isotherm for CSH(I)
Preparations Compared with that for Tobermorlte.
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equation for n = infinity; i.e. there seems to be no restriction
in the number of layers of adsorbate that can form. This points
to a distinctly different kind of surface for the CSH(I) phase.
The data given are for the six crystalline CSH(I) samples.
Corresponding data for the amorphous sample, CSK(I) - 2, not
plotted in the figure, fall far below the characteristic trend
line. This is in agreement with the much lower E, calculated
for this phase and the two strongly suggest that rather sur-
prisingly, the surface of the amorphous phase has a relatively
weak attraction for water vapor.
Cation Exchange Capacities
Cation exchange capacities of 5 of the 7 preparations were
measured according to the method outlined earlier. Sodium
acetate solution in alcohol was used for the removal of potassium
exchanged on the samples in this portion of the work, to avoid
the gel formation that occurs with these samples when ammonium
acetate is used.
The results of these determinations are given in Table 6.
The observed exchange capacities are somewhat lower than those
of the tobermorltes. The exchange capacity does not appear to
be correlated with the surface area or other characteristic
property of the samples as determined in this study.
The accuracy of some of the results for the very low ex-
change capacities is uncertain. For these samples the blank
correction applied for the effect of potassium held by the
polyethylene centrifuge tubes was an appreciable part of the
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Table 6. Cation Exchange Capacities of CSH(I) Samples
Samole Cation Exchange Capacity in
Milli-equivalents per 100 Grams
CSH(I) - 2 (10)?
CSH(I) - 3 19-7
CSH(I) - 5 3-6
CSH(I) - 6 23.9
CSH(l) - 7 8.9
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total potassium found. Indeed, for CSH(I) - 5 the blank was
actually greater than the potassium exchanged by the relatively
small samples used which weighed about 0.15 grams each. Un-
fortunately, a shortage of material prevented redetermination
of this value. The duplication determinations for this sample
and for all others except one, agreed with each other within
+ 0.3 of a milli-equivalent per 100 grams. The CSH(I) - 2
samples gave erratic values and the figure cited should be con-
sidered an indication of order of magnitude only.
Zeta Potential
Attempts to measure the zeta potential of the C3H(I) speci-
mens were not successful due to failure to achieve a satisfactory
degree of dispersion. Even after the use of ultrasonic treat-
ment for long periods of time the particles existing in suspen-
sion were aggregates that settled to the bottom of the thin
microelectrophoresis cell so rapidly that measurement of
particle velocity under the influence of an applied electric
current was impossible.
However, it was not difficult to determine the direction
of travel of the particles, i.e. whether they have a net posi-
tive or negative surface charge. Examination of CSH(I) parti-
cles dispersed in distilled water indicated that they were
negatively charged. When the particles were dispersed in satura-
ted Ca(OH) solution they were found to be positively charged.
Thus, CSH(I) has essentially the same surface charge behavior
as tobermorite except for the important distinction that tober-
morite particles spontaneously disperse in aqueous suspension
i6o
while CSH(l) is apparently effectively cemented into micro-
aggregates that resist such dispersion.
Summary
CSK(l) samples were prepared in a variety of ways at room-
temperatures. Pour preparations made by double decomposition
had Ca:Si ratios very close to 1 and three had K20:S1 ratios near
1.6 regardless of Initial proportions of reagents used. One
preparation made by different means had a similar Ca:Si ratio,
but much less water (HpOrSi about 1); while one preparation
made from a high-lime mixture had both a high calcium content
(Ca:Sl about 1.6) and high water content (H20:Si = 1.8); despite
the high Ca:Sl ratio, this latter preparation is definitely
CSH(I)
.
X-ray diffraction patterns of all but 2 of the specimens
were practically identical, showing peaks at 3.02A, 2.78A,
1.82A, and 1.66A, with one or two other very small peaks some-
times observed. One sample was amorphous; another sample
initially similar to the others apparently changed on extended
storage showed new peaks similar to those reported for xonotlite.
Efforts to determine basal spacings were fruitless; well-oriented
specimens could not be prepared, presumably^ due to inability to
disperse the CSH(l) samples into primary particles.
The morphology of several samples was observed by electron
microscopy. One sample consisted of very thin *snowflakes"
or foils and others displayed characteristic spherical "crinkled
foil aggregates" and some distinctly thicker platy material.
Essentially no Individual lath-like or fibrous particles were
l6l
present In the samples observed.
DTA revealed a fairly large broad endotherm associated
with water removal at low temperatures; a weak endothermic
break at about 66o°C, a third endotherm at about 790°C, shortly
followed by a strong, sharp exo therm. The product shrank as a
result of the transition marked by the exo therm. Infrared
spectra were similar to those of tobermorlte with the following
exceptions: the 144-0 cm (6.95 \^ ) band attributed to car-
bonate is much stronger and the water deformation band is
weaker or almost absent; there is no band in the 1100-1200 cm
(8.3-9*0 /* ) range, and general absorption on the low frequency
side of the main Si-0 band is noticeably greater, especially for
the samples with higher calcium content.
Some specific differences in spectra were found among the
CSH(I) samples.
The surface areas found ranged from 150 to 350 m2/g,
somewhat greater than the values for tobermorlte. Surface area
is not correlated with cry stallinity . Heats of adsorption of
water vapor from the BET determination were slightly less than
the corresponding values for tobermorite, and the isotherms did
not show any indication of adsorption being restricted to a
definite number of layers. The amorphous sample had a distinctly
lower heat of adsorption for water, and the amount of water ad-
sorbed per unit area of surface at a given partial pressure
was also distinctly less. Measured cation exchange capacities
ranged from 4 to 2H milli-equivalents per 100 grams and did not
appear to correlate with other properties in any recognizable
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manner. Zeta potential could not be determined but it was shown
that, like tobermorite, the particles of CSH(I) are charged
negatively in distilled water and positively in saturated solu-
tions of Ca(OH) .
2
Calcium Silicate Hydrates Produced by
Hydration of /'C2 S and C 3S
1
Origin and Composition
The common methods in use for hydrating these phases have
been discussed in detail in the literature review and details
of the methods used in the present study have already been given.
Table 7 gives the pertinent information on the designation,
origin and mode of treatment of the samples prepared in the
present study.
Ko attempt was made to establish the chemical composition
of the CSK(gei) materials themselves, since existing techniques
for the removal of "excess* lime produced as a by-product of the
reaction are difficult and tedious and the validity of the
s eparation is open to question. Chemical analysis of the
starting phases are given in the Appendix.
In addition to the samples listed, bottle hydration products
were prepared for a second sample of C~S and a second sample of
allte donated by the Portland Cement Association; however, re-
sults were essentially identical to those cited for similar
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Figure 21 presents x-ray dlffractometer traces of the pro-
ducts of hydration of /^-C S, C S, and allte, as listed in Table 7«
The peaks for the CSH(gel) phase are shaded; those for Ca(0H) 2
formed in the hydration reaction are marked with a "Cw ; those
for the residual starting compound are marked with an "A" for
C_S or allte, and with a "B* for C2S# In general the calcium
silicate hydrate formed gives only a weak pattern, broader and
even less well-crystallized than that of CSH(I).
The pattern for CSH(gel) P - 1 showed a definite portion
of unreacted yS-C S remaining in the paste; the amount of crystal-
line Ca(OH) formed is apparently small. The corresponding
pattern for CSH(gel) P - 2, made from C-^S, showed much more
Ca(0H)
o ,
as expected; almost all of the C^S starting material
seems to have reacted.
In all of the bottle-hydrated products Cd(0H) 2 is present
in well-formed platy crystals, some of which are large. Despite
the. effort to maintain random orientation in the x-ray powder
mount these crystals seem to have been exceedingly well-oriented,
the (OCl) spacing of the Ca(OH) 2 at 4.92A being greatly enhanced.
^-CoS hydrates very slowly even under the bottle-hydration con-
ditions; a considerable pattern still remained for this phase
in CSH(gel) B - 1. Again, C3S and one of the two alites re-
acted almost completely, and produced a larger proportion of
lime, In line with the stoichlometry of the hydration reactions;
the other allte product has not reacted so completely.
A C,S or AUTE
B flC^S
C-Ca(OH)2
SHADED PEAKS CSH (GEL)
:SHiGEL)-P-l
58 54 50 "6 *2
Figure 21. X-ray Diffractometer Traces for Paste and




The basal spaclngs of CSH(gel) are very difficult to obtain,
Brunauer and Greenberg (1962) reported only a single instance
of an (0C1) spacing being recorded in their laboratory, an
11A spacing on a dried product which was never reproduced.
Several attempts at finding these peaks for the present CSH(gel)
products were made by using the porous tile mount procedure
of Kinter and Diamond (1955)- All processing was done under
nitrogen insofar as possible. Figure 22 presents the only
successful result obtained; this was for the bottle-hydrated
CoS product, CSH(gel) B - 2. Most of the lime has apparently
been left behind in the water dispersion process. The sample
shows a strong l4A basal spacing and an apparent higher order
reflection at 7A. Similar attempts to demonstrate a basal
spacing for the other samples were not successful.
Morphology
Paste-hydrated /?"C_S and C S usually show a distinctly
fibrous morphology in electron microscopic examination after
the usual dispersion technique involving ultrasonic treatment;
the fibers are apparently composed of thin rolled up sheets
(Copeland and Schulz, 1962). Figure 23A is a representation
of a typical field observed for CSH(gel) P - 2, the paste hy-
dration product of C,S, after dispersion with the non-aqueous
technique described earlier which does not involve ultrasonic
treatment. Some of the particles can be described as fibers,
the rest being more or less equant in shape; the latter may

































































































Figure 23. Electron Micrographs of Paste and Bottl-3 Hy-
dration Products of C..S. (A) Paste Pro "1 act,
CSH(gel) P - 2. (3) Bottle Product, CSK(gel) B - 2
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all evident. In addition, there are a number of very thin,
flat, sheet-like particles in the field which show no apparent
tendency to roll up into tubes or fibers.
Figure 23B shows the morphology of CSH(gel) 3-2, the
bottle-hydration product of C^S. These particles seem to be
completely fibrous, with a few bundles of undispersed fibers
clearly visible. Nothing comparable to the relatively large
proportion of equant particles found in Figure 22A is evident.
Figure 2k shows the product designated CSK(gel) B - 1,
a product of the bottle-hydration of j3'CpS. Here the fibrous
morphology is more evident, most of the particles apparently
being aggregates of fibers. According to Copeland and Schulz
(1962), Brunauer and Greenberg (1962) and others, such a
preparation should yield CSH(II), with a distinctive cigar-shaped
fiber bundle morphology and a slightly different x-ray dif-
fraction pattern than CSH(gel). Neither of these criteria are
met by the present sample; both morphologic and x-ray evidence
Indicates CSH(gel) and not CSK(II) has been formed.
Differential Thermal Analysis
The DTA results for the CSH(gel) products secured on the
Eberbach portable instrument are given in Figure 25. The
patterns are very much alike; all have a low-temperature endo-
therm, a Ca(OH) 2 dehydroxylation endotherm at about 570°C
(greater for the C S products than for the C^S products) and
a small high temperature exotherm at about 860°C. This exo-
therm is greater than that produced by unsubstituted tobermorite,
Figure 2*K Electron Micrographs of Bottle-Hydrated /?-C? S,




Figure 2j?« Differential Thermal Analysis of CSH(gel)
Products. Heating Hate Varies from 58°C
to 5°C per Minute.
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but not as large as that for CSH(l). In most of the curves
there is a small endo thermic break at about 730°C which may
result from a trace of calcium carbonate due to atmospheric
carbonat Ion.
The patterns for the alite products (CSH(gel) B - 3 and 4
,
not shown in the figure) resemble closely those from products
prepared from unsubsti tuted CUS. The amount of water lost at
low temperature by CSH(gel) B - 3 was less than the others; this
sample was also shown by x-ray diffraction to have reacted to
a lesser extent than the other C_S type samples. The basic
similarity of all these patterns (except for the extent of the
lime peak) offers support for the concept of CSK(gel) as a
phase distinct from CSH(I) or CSH(II).
Infrared Absorption
The Infrared absorption spectra for the CSH(gel) samples
are given in Figure 26. The procedure involved in specimen
preparation was exactly the same as that used earlier, but due
to equipment difficulties, it was necessary to run the samples
on a different instrument, a -Perkin-Elmer Kodel 221. This
instrument has a readout that is linear with respect to wave-
length rather than with respect to frequency, which has the
effect of stretching out the infrared pattern at the low fre-
quency end of the chart. One of the samples (CSH(gel) B - 3)
was run on both the ^21 and the 221 instruments; the recorded
positions and intensities of the bands were in good agreement,
although the apparent sharpness of the low-frequency peaks is























The spectra for all the CSH(gel) samples are similar. The
most prominent feature is the pronounced minimum in absorption
that occurs at about 1100 cm-1 (9.0/^ ), as compared with much
smaller minima in absorption at approximately this position for
other CSH products. This feature may be an artifact of specimen
preparation, since it is not observed in infrared spectra of
corresponding minerals by Lehmann and Dutz (1959) or by Hunt
(1959). who used the KBr pellet procedure involving sample dis-
seminated throughout the KBr disc.
The main 31-0 lattice vibration band is extremely broad
and occurs at about 9^0 cm" 1 for all samples except the y^-C^S
paste hydration product, where the position of the maximum is
about 970 cm" 1 . Except for this specimen, the position of the
maximum is distinctly lower in frequency than those of tober-
morltes (970 cm" ) and those of CSK(I) preparations (950-980 cm"1 ).
Lehmann and Dutz (1959) have interpreted the low frequency
position of this maximum for cement hydration products as being
indicative of the degree of polymerization of the silica tetra-
hedra, the theoretical value for completely independent S1CV
tetrahedra being 935 cm" . These results thus support the idea
that the tetrahedra in CSH (gel) are largely unpolymerized.
Secondary broad absorption features are observed at about
» 1 •• 1900 cm" and at about 820 cm" in most of the sanrples. These
are also presumably associated with the silicate lattice
structure.
The next most prominent features are the bands at 1600-
1630 cm" and 1380-1395 cm" 1 . The former are attributed to the
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water deformation vibration and the latter to the asymmetrical
in-plane vibration of CO ~ as suggested by Hunt (1959). It is
noteworthy that the position of this band is distinctly lower
in frequency than the corresponding bands in CSH(I) and in
tobermorite, suggesting that the carbonate combined as a re-
sult of incidental carbonation of the samples in the atmosphere
is rather more tightly held .in these high-surface area materials.
Small spectral features of unknown origin are observed
at about 2330 cm and again at about 2920 cm. A small
stretching vibration for bonded OH is observed at about 3^00 cm"
and for two of the samples a small sharp vibration at 378 cm" 1 ,
which may be one of a complex set of OH stretching vibrations
characteristic for Ca(0H) 2 . However, it was observed only for
the CSH(gel) derived from ^-C2S and thus may have some other
explanation. The comments previously made about the small size
of the bonded OH band in the present spectra compared to those
published by other x^orkers who used KBr pellets are applicable
here.
Surface Area
In view of the many water vapor surface area measurements
of CSK(gel) products by the Portland Cement Association workers,
and the experimental difficulties involved in correcting for the
effects of other phases that are present, surface area determina-
tions for these CSH(gel) samples were not attempted.
Cation Exchange Capacity
Cation exchange capacity determinations were made on the
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CSH(gel) samples by a procedure which involved removal of the
replaced potassium Ions with ammonium acetate solution. A
gel set up in some of the samples but mechanical agitation
broke up most of the gel structure before the potassium-containing
suspension was centrlfuged and decanted. Because of the un-
certainty that must be attached to their significance the values
obtained are not tabulated.' However, it is of interest to note
that the two paste products (CSK(gel) P - 1 and P - 2) had
values close to 15 and 20 meq/100 g respectively. Of the bottle-
hydrated products, no measurement was obtained for the /^"C2 S
product, but the C->S product yielded a value of about 7 meq/100 g.
The two bottle-hydrated alites both yielded values of about 18
meq/100 g.
Separate measurements were made of the apparent cation
exchange capacities on the other constituents present in the
products in addition to the calcium silicate hydrate; i.e.
Ca(0H)
2 and the /6
>
*C2 S, C^S, and alite unhydrated phases. The
lime had no exchange capacity, as expected, and all of the
anhydrous calcium silicate starting materials showed very
similar small values of about 3 meq/100 g. Thus, as expected,
essentially all of the CEC of the CSK(gel) products is attributable
to the CSH(gel) phase itself.
Zeta Potential and Surface Charge
Attempts to measure the zeta potential of the CSH(gel)
materials were even less successful than those with CSH(I);
dispersions adequate for the purpose could not be obtained.
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However, It was determined that CSH(gel) particles are similar
to other calcium silicate hydrates with respect to reversal of
the sign of the surface charge. Samples dispersed in saturated
Ca(0H)
2 were strongly positive, but if the products were dis-
persed and washed repeatedly in distilled water to remove the
accompanying Ca(OH)o their positive charge was visibly decreased,
and at a pH of about 10 the particles were converted to negatively-
charged ones.
Summary
CSH(gel) samples were prepared by paste" and by bottle
hydration of ^-C?S, C_ S and alite. The materials exhibit only6 3
several very weak and broadened x-ray lines for the CSH(gel)
phase; lines for Ca(0H)2 and in some samples, for unreacted
starting material were observed. A basal spacing of 1^-A was
found on a specially-prepared mount of one sample (a bottle-
hydrated CoS product). The specimens of paste-hydrated C3S
examined by electron microscopy appear to be only partially
fibrous or lath-like; equant-shaped particles are also observed.
The bottle-hydrated C2 S product produced in this experiment is
CSH(gel), not CSK(II). DTA results for all phases are similar,
showing a large amount of water removed at low temperatures,
a strong endotherm at about 570°C for dehydroxylatlon of Ca(0I!) 2 ,
a small endo thermic break at about 730°C, possibly due to
carbonation, and a fairly definite but relatively weak exo-
therra at about 86o°C. Infrared absorption disclosed that the
main SiO band xvas broadened and occurred at about 9^0 cm"" 1 ;
secondary broadened maximum occurrence at about 900 cm"* 1 and
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820 cm" , and the band attributable to CO-,- asymmetrical
stretching mode occurred at a lower frequency than previously
observed, 1390 cm--1-.
Surface areas and zeta potentials were not measured, but
it was shown that the CSH(gei) particles, normally positive
in view of the Ca(0H)
2 present, are converted to negatively-
charged ones on extended washing in distilled water. Cation
exohange measurements yielded values ranging from 7 to about
20 mllli-equlvalents per hundred grams, but the reliability
of these measurements is somewhat uncertain.
Products pX Chemical Reaction Between Ca(0H) 2
and. Silicate Minerals A£. ox Near Room Temperature
Reaction of Compacted Mixtures at 60°C
Starting Materials,, Reaction Conditions, and Methods o£
Examination s£ Products . This mode of reaction was designed
to simulate to some degree the conditions under which lime and
soil minerals might react in soil stabilization practice. The
materials were mixed, moistened, compacted and left to cure in
a manner more or less analagous to that which would occur in
the field. To facilitate identification of the products of
the reaction a larger proportion of lime was used {k0% by weight
of the silicate) than could be considered in practice and to
speed up the reaction a temperature (60°C) higher than would
be reached in the field was used. The details of the pro-
cedure and of the nature of the starting materials are given
in the section on Materials and Procedures.
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The resulting products were examined principally by x-ray
diffraction, DTA and electron microscopy; water-vapor sorption
measurements were also performed on them. The DTA of these
materials was run on the Eureau of Public Roads apparatus.
Reaction Product o£ Quartz . The material examined after
the two month reaction period had obviously undergone cementa-
tion; apparently It was dry and cementei strongly enough so
that it rang when struck; a hammer and chisel had to be em-
ployed to remove some of it from the container. Nevertheless,
despite the apparent dry state of the material the moisture
content as determined by oven drying at 110°C was almost $0%
by weight of solids. Figure 27 shows x-ray diffractometer
traces for the reacting mixture and for the powdered product.
The peaks for Ca(0H) 2 have been reduced greatly in intensity,
and new peaks attributed to a CSH phase are shown at 3.O3A,
2.93A and approximately 2.84-A. A strong quartz peak at 1.81A
(not shown) interferes with the observation of any possible
CSH peak at this position. The pattern for the initial mixture
shows a small peak at 3.O3A suggesting a slight contamination
of the Ca(0H) 2 with CaCO~, but it is evident that no additional
carbonation has occurred during the course of the reaction.
The DTA pattern of the product (Figure 28) failed to reveal
any low-temperature endothermic response, but showed a small
peak for residual Ca(OH) 2 at 520°C, the residual quartz peak,
a small peak at 765°C possibly due to carbonation and, signifi-
cantly, a relatively small, but definite, high temperature





Figure 27. X-ray Diffractometer Traces of Quartz-Ca(OH),







Figure 28. Differential Thermal Analysis of Products of
Ca(OH)
2-Silicate Reactions at 60°C. Heating
Rate 10°C Per Minute.
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Electron microscopy of the product (Figure 29A) was re-
vealing. Evidently the dispersion procedure had segregated
out the coarse residual quartz particles, which are not visible
here. The reaction products consist entirely of well-shaped
fibers which are obviously rolled up sheets--the "class! cal M
morphology for the CSH(gel) phase.
The surface area of the Ca(OH) used In preparing these
mixtures was measured by water vapor adsorption and using an
are« per K2 molecule of 10. 3A on this surface (Brunauer, Kantro,
and Welse, 1956) the value found was 36 m2/g. The surface
area of the quartz was so 'small it could not be measured; thus
the calculated surface area of the initial mixture was less
than 23 m /g. The measured surface of the material after re-
action was more than twice this value, or 53 m /g. The re-
acted material still contained much of the original quartz
and some lime; thus the surface area of the CSH(gel) formed
is much higher than this value.
Thus despite the failure of Glenn and Handy (1963) to note
any reaction of lime with quartz at room temperature for up to
two years, under the present conditions quartz reacted strongly
with lime in two months to produce a fibrous CSH(gel) product
of excellent cementing ability and high surface area.
Reaction Product of Kaolinlte . It was also obvious from
the hardness of this material after reaction that a cementltious
reaction product had been produced. A comparison of the x-ray
diffractometer traces of the reaction mixture and of the pro-
ducts (Figure 30) provides striking evidence for this. The
(A)
(B)
Figure 29 Electron Micrographs of Ca(OH) 2-Silicate Re-











Figure 30. X-ray Diffractometer Traces of Ca(OH) 2
»
Kaollnite Mixture Before and After Reaction
at 60°C.
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Ca(OH) lines have completely disappeared from the pattern for
the reacted material. The kaolinlte lines have been reduced In
Intensity, particularly the (00j£) lines. The Integrated peak
Intensity of the basal peak at ?.13A was measured in a special
study involving duplicate integrated intensity determinations
of five separate random powder mounts for both the "starting
mixture" and the reacted product. The average integrated in-
tensity of the kaolinlte peak before reaction was 117 arbi-
trary units; that of the reacted product was 69 arbitrary units,
suggesting that about 60$ of the original kaolinlte was left
and about k0% had reacted with lime. Eades and Grim (i960)
suggested that the prism or (hkO) reflections were Initially
broadened and their intensity reduced; the present pattern
suggests that these reflections (marked with an asterisk)
retained their sharpness and intensity and that it is primarily
the basal spacings that are reduced. Inspection of the kaoli-
nlte (001) peak also reveals a degree of broadening on the low
angle side, which suggests slight expansion of some of the
layers.
The appearance of a number of new x-ray lines for the
reaction products was noted. The pattern reveals definite
peaks at 3.0^-A and at 2.98A corresponding to the CSH(gel) lines
noted earlier for the quartz reaction product, and a smaller
peak is also present at I.79A. In addition to these lines, a
series of lines is present at 5.12A, 3.11A, 2.78A and the peak
at 2.28A is grossly enlarged. These lines are all attributed
to the cubic CoAH^ calcium aluminate hydrate. This is the
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stable calcium alumlnate hydrate and the phase that one would
expect to find at this relatively high temperature. Since the
kaollnlte releases Just as many moles of alumina as It does
silica on Its decomposition, the appearance of this phase is
not surprising.
The DTA pattern for the reaction product is given in
Figure 28. The complete absence of any Ca(OH) 2 dehydroxylation
peak confirms that all the lime has reacted. The prominent
features are a relatively small low-temperature endotherm at
200°C, a second stronger one at 370°C, the kaolinite dehy-
droxylation peak at 580°C, cand a broadened kaolinite re-
crystalllzatlon exotherm at 980°C. The latter peak actually
appears to start at about 900°C and this first portion may be
due to the CSH product. The first two endothermic peaks are
difficult to interpret; presumably they should be attributable
to CSH and C^AH^. The latter has two endotherms in this region
according to Majumder and Hoy (1956), but these authors found
a strong endotherm at 325°C and a weaker one at *f80°C.
The morphology of this material as revealed by electron
microscopy is shown in Figure 29B. The material is apparently
not the CSH (gel) found in the preceding material, but rather
definitely a typical thin foil CSH(I) product. There are some
darker, thicker particles of relatively small size that may be
the C3AH6 phase. There is one large particle In the field
that is obviously a residual kaolinite particle; one can ob-
serve how the edges appear to have been frayed by chemical
attack, and in the corner a small section appears to have
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partially exfoliated.
Surface urea measurement on the kaollnlte gave poor re-
sults, but the order of magnitude was about 20 m2/g, leading
to an estimated average surface area for the reacting mixture
of Zk m2/g; the surface area measured for the product was 66
m2/g> again Indicating that products of high surface area were
formed.
Thus the results for the kaollnlte- 11 me reaction under
these conditions reveal that the Ca(0H) 2 has reacted with
about k0% of the kaollnlte to produce two reaction products;
a calcium silicate hydrate that is apparently CSH(I) and the
cubic calcium alumlnate hydrate, CoAH^.
Reaction Products oX Montmorlllonite . It was obvious from
the hardness of the sample after reaction that cementitious
reaction products had been produced; although the moisture
content removable on oven drying was 60%. Diffractometer traces
for the reacting mixture and for the reaction product are
given in Figure 31. The Ca(OH) has completely reacted. The
peaks of the residual montmorlllonite, although lessened In
intensity, have not been appreciably disordered. The position
of the (060) peak (not visible in the chart) is unchanged at
1.^95A. There is a small amount of quartz present in the
original bentonite, as can be seen from Its main peak at 3«3^A;
It is possible some of this impurity phase has reacted also.
The reaction produced two broad peaks at 3.06a and 2.7^-A
which are attributed to a CSH phase. No evidence of thefC-AH,
phase is present in this pattern. There is a noticeable peak
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Figure 31. X-ray Diffractometer Traces of Ca(OH) Mont-
morillonite Mixtures Before and After Reaction
at 60°C.
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The DTA result for this phase (Figure 28) is a peculiar
pattern, showing a weak low-temperature endotherm at l60°C,
weak endothermlc bulges at 520°C and 76o°C; a weak endotherm
at 8lO°C and finally a strong exotherm at 940°C. A similar
pattern for a corresponding reaction product of lime and
Wyoming bentonlte was given by Eades and Grim (i960) as their
Figure 8D. The 520°C break may be due to early dehydroxylation
of partially reacted montmorlllonite . It is thought that the
higher temperature features may be associated with the formation
of a CSH(I) product, which characteristically gives a strong
exothermic reaction on conversion to wollastonite. The apparent
lack of formation of any separate calcium aluminate hydrate
thase probably implies that much of the alumina released by
the montmorlllonite has substituted in the CSH(I) lattice.
Electron microscopy of the product (Figure 32) confirms
that the main product formed is the foil-shaped CSH(I) and not
fibrous CSH(gel), although a few fibrous particles may be
distinguished on careful examination. A study of the effect
of the non-aqueous dispersion technique employed on the ap-
pearance of unreacted montmorlllonite under the electron micro-
scope suggests that the coarser, darker particles seen in the
figure are undispersed aggregates of montmorlllonite. The
characteristic "fleecy cloud*1 morphology usually associated
with montmorlllonite after dispersion in water is not observed
following this type of pre-treatment
.
The surface area of montmorlllonite is generally conceded
to be in the neighborhood of 800 m2/g; that of the present
riprure > Electron Micrograph of Cu( OH) ,^Kontmorii:orn
React Von I rod-jet
.-- o o
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Impure bentonite is undoubtedly slightly less than this. How-
ever, the measured surface area of the reaction product was
160 m2/g. This is approximately in the range for CSH(I) pro-
ducts, but Is rather lower than expected, considering the sub-
stantial amount of montnorillonite remaining after the reaction.
The effect of the presence of the cementing agent on the
ability of the mcntmorillonite lattice to expand was investi-
gated by treating samples of unreacted bentonite, bentonlte-
Ca(OH) mixture, the undried reaction product, and reaction
product after drying at 100°C, with glycerol. As expected, the
bentonite and bentonite-Ca(0H)
2 mixture both immediately yielded
strong peaks at 17»7A indicative of lattice expansion; no ex-
pansion was noted for the reacted products. Re-examination of
the reacted products after a twenty-four hour waiting period
showed that both samples expanded at least partially; however,
both had considerable material still diffracting at 12-13A.,
indicating that the process of expansion was far from complete.
Apparently the CSH(I) in some unknown way interferes with the
adsorption and lattice expansion process. Thus montmorillonite
has been shown to react with Ca(0H) 2 under the conditions of
this experiment to yield a CSH(I) product; without production
of detectable amounts of calcium alumlnate hydrate.
Failure of Pvrophvlllte to React. The pyrophyllite-
Ca(OH) "reaction product** appeared as wet as it was before
the reaction period and it was quite apparent that no particular
cementation had occurred. This was confirmed on examination
by x-ray diffraction, the Ca(0H) 2 peaks being as strong after
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as before the treatment. For all practical purposes the x-ray
dlffractocieter trace for the "reaction product* was identical
to that for the reacting mixture, and it was concluded that no
appreciable reaction of any kind had occurred with pyrophyllite
under these conditions.
Effect o£ Iffifflerglpn on Cementation £L Reacted Products.
To check the ability of the products of the lime-clay reaction
to retain their strength and integrity against water saturation,
portions of the quartz, kaolinite, and montmorillonite products
were cut with a hacksaw and immersed in water for several weeks.
No slaking occurred and no change in the appearance or hardness
of the samples were detected.
Summary ££ Reaction grpqucts o£ Compacted, Mixtures at 6o°C.
Under these conditions (kQ% Ca(OH) by weight of silicate mineral,
approximately ^0-60% Initial moisture content by weight of
solids, compaction, and storage under conditions free from C02
contamination), quartz reacted to produce CSK(gel) of high sur-
face area, exhibiting characteristic DTA pattern and typical
fiber or rod morphology for this material. Kaolinite reacted
with all of the lime present to yield CSH(I) of high surface
area and foil or "snowf lake** morphology, and a cubic hydrated
calcium aluminate, C3AH5. Montmorillonite (Wyoming bentonite)
also reacted with all of the lime added and produced a CSH(I)
product having morphology similar to that of the kaolinite
product, but no evidence for any hydrated calcium aluminate
was found. It was suggested that the alumina may be present
substituting for silicon in the CSH phase. Pyrophyllite did
not appear to react with lime under these conditions. Despite
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the cementation, all of the samples had high moisture contents
removable on oven drying.
One item of importance disclosed in this experiment is
that the CSH phase with foil morphology (CSH(D) is apparently
Just as good a cementing agent as the fibrous CSK(gel) normally
produced on the hydration of cement compounds. Thus any po-
tential explanation of cementitious behavior that depends on
a model involving the special characteristics of fibrous rolled
up sheets, such as that advanced by Brunauer (1961), may be
inadequate.
Reaction of Slurry Mixtures at ^5°C
Starting Materials. Reaction Conditions, and Methods of
Examination of Products . This mode of reaction was designed
to promote as complete a reaction as possible between the
Ca(0H) 2 and the silicate at a comparatively low temperature.
Details of the starting materials and procedures are given in
the chapter on Materials and Procedures; briefly the procedure
involved reaction of a large excess of lime with — 2ft, fractions
of the silicates, with sufficient water added to produce a wet
slurry, which was shaken continuously for two months at k$°C.
The wet products were examined Initially by x-ray diffraction
using the "slurry mount" technique previously described. The
large excess of lime which remained unreacted was^then removed
by washing in water; the washings were repeated until the pH
of the suspension dropped below that of a saturated lime solu-
tion (pH 10-11). The products of this washing procedure were
then examined using the slurry mount procedure, then finally
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oven dried and again x-rayed, this time using the standard
powder mount procedure. The dried samples were subsequently
examined by DTA (using the Eberbach portable instrument); and
several of them were studied by electron microscopy.
Reaction Products of Quartz . Initial examination of the
slurry by x-ray diffraction disclosed definite peaks for a
CSH product at J.Okk and 2.79A. A quartz peak overlaps the
1.82A position; thus, the possible presence of a peak here
for the CSH could not be confirmed. Much of the quartz seemed
to have reacted, but there was considerable Ca(0H) 2 remaining.
No evidence of carbonation was detected. A small broad peak
at about 8A of unknown significance was observed. After re-
moval of the lime by washing, x-ray examination of a dried
powder mount revealed some evidence of carbonation, the peak
at J.Okk was sharpened and other very weak calclte lines were
observed. The 8A peak was no longer present. There was broad
general diffraction effects observed between 2.8A and 3A, sug-
gesting that much of the material in the reaction product was
disordered CSH. The height of the residual quartz peak at
3»3^A was only 66 cps compared to a peak height of several
thousand cps for pure quartz under these conditions, suggesting
that almost all of the quartz had been consumed in the reaction
with lime.
The DTA of this material (Figure 33A) confirmed the
virtually complete reaction of the quartz, the characteristic
sharp endotherm for the transition at 573°C being unobserved.














Figure 33. Differential Thermal Analysis of Ca(0H) 2-
Sillcate Reaction Products at k5°C. Heating
Rate Varies from 58°C to 5° per Minute.
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260°C, a small endotherm at 675°C, a sharp endothermic peak
at 775°C indicating the presence of CaCOo, and finally a
moderately sharp exo therm for the CSH phase at 8lO°C.
Electron microscopy (Figure 3^) revealed a fibrous mor-
phology similar to that shown in Figure 29A for the quartz
reaction product of the previous experiment. In the present
sample the fibers seemed to be associated into laths or even
sheets, some of them having a characteristic tapered appearance.
One residual quartz particle can be noted at the top portion
of the right-hand side of the photograph; the edges seem to be
frayed and eaten away by chemical attack.
These results indicate that under appropriate conditions,
including a reaction temperature near room temperature, finely
divided quartz niay be readily attacked by CcUOHjg to produce a
CSH(gel) hydrate, and that the reaction can go almost to com-
pletion within a few months.
Reaction Products of Kaollnlte . Examination of the slurry
after the reaction period disclosed that it was not homogeneous
but consisted of a white smooth gel portion and a number of
hard, yellowish cemented granules which were dispersed through
the smooth white portion. The smooth, white portion proved to
be mostly Ca(0H) 2 and contained no residual kaolinite. There
were peaks for a 7.6A phase to be discussed later, and for CSH
at 3.05A and 2.84A. A separate examination of the yellow,
granular portion showed a very small peak for residual kaolinite,
a strong one for the 7«6A product, and the peaks for CSH with
no Ca(0H) 2 lines present. After removal of the Ca(OH) by
Lgure 3^- Electron Micrographs of C*( OH) --Quartz Reaction
Products iat 45°C.
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repeated washing with water, a slurry -mount pattern made for
the combined portions showed a strong peak for the 7.6A phase,
a small residual kaolinite peak at 7.15A and distinct evidences
of the formation of calcium carbonate by carbonation of Ca(OH) .
The sample was then dried and a powder mount prepared and x-rayed
The phases produced, particularly the aluminum compound, seem
to be extremely well crystallized, a total of over 35 individual
x-ray reflections being observed on the original trace, which
was carried out to 60° 2 -6-. It is clear that most of the kao-
linite has reacted; the basal peak for this compound was re-
duced to 35 cps from an initial value of over 250 cps for the
pure kaolinite. The reaction products are a CSK phase and a
7.6A hydrated hexagonal calcium alumlnate similar to C/^AHjo.
Because of the complexity of the hydrated calcium alumlnates
as discussed in the literature review, some additional work
was done in an attempt to characterize the 7.6A aluminum-bearing
phase more fully. The x-ray spacings attributed to it do not
exactly match the pattern of Buttler, Dert Grlasser, and Taylor
(1959), but are close to a perfect match with the powder pattern
of Hilt and Davidson (1961) for their lime-montmorillonlte pro-
duct. The basal spacings cited in the literature for C^AH.-
without drying are 7.9A or 8.2A, depending on which polymorphic
variety is present. On oven-drying at 110°C both of these
varieties show a partially dehydrated spacing of 7.4A, which
may later partially rehydrate and expand to 7*6 or 7«7A, ac-
cording to 3uttler e_fc. &1. However, in the present material the
wet slurry pattern and the pattern for the oven-dried material
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both gave identical spacings of approximately 7.6k, as do most
of the patterns in the literature for lime-clay reaction products
in which this phase is present (see for example Glenn and Handy,
1963; Benton, 1959). It was thought that perhaps this stability
to dehydration by oven-drying is conferred by the presence of
C02 in the lattice. In a heating experiment undertaken to de-
termine the extent of this thermal stability, the sharp basal
spacing was found to disappear on heating to 150°C, and a 6.1A
dehydrated spacing was observed. Such behavior occurs for
C. AH , but hydrocalumite, the phase isostructural with C^AHj^
that has a small degree of CO substitution does not dehydrate
to this extent on heating to 150°C; rather its basal spacing
only shrinks from 7.9A to 7.3A (Buttler, Dent Glasser, and
Taylor, 1959). The other known C02 substituted phase is the
calcium monocarboaluminate which has a considerable degree of
CO substitutions, but this is unlikely to have formed in the
sealed containers, since there was no evidence of carbonation
converting any of the large excess of Ca(OH) ? to CaCO prior
^ 3
to the processing involved in washing out the excess lime.
Furthermore, the monocarboaluminate has a DTA diagram different
from that of the present sample, a distinct exotherm at about
550°C being characteristic (Turrizlani and Schippa, 1956).
Hence the present phase Is neither of these recognized compounds,




The DTA of this reaction product Is given in Figure 33*
The features, displayed include four successive endotherms at
235°, 385 , 585 , and 8l5°C, respectively, and a small exotherm
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at 925°C. The first endotherm Is apparently complex, and Is
presumed to be caused by the simultaneous dehydration of the
CSH and the C^AHj^ products. The second endotherm is not easily
explained; a possible explanation is that this may be due to
poorly crystallized glbbsite formed from some of the alumina
released by the highly aluminous clay. The third endotherm is
due to dehydroxylation of unreacted kaolinite, and the fourth
is due to decomposition of the CaCO- contaminant formed in
processing the original reaction product. The final exotherm
is thctt of the CSH phase and its small size indicates CSH(gel)
rather than CSH(I).
The electron micrographs of this reaction product (Figure
35) are interesting. There are a number of individual rod-
shaped or fibrous particles, and some aggregates of such
particles somewhat similar to those found in the previous
specimen and in hydrated C~S and_/>-C2 S phases. This morphology
confirms that the CSH produced in this reaction is CSH(gel) and
not the CSH(I) foil material produced by kaolinite in the pre-
ceding experiment. Several comparatively coarse particles
with ragged edges visible in the figure are most likely residual
kaolinite particles. There are a number of thin sheets present
in the figure most of which are irregular. Several sheets
which have definite hexagonal outlines maybe the calcium
aluminate hydrate phase. In addition there are a number of
particles of nondescript appearance.
Reaction Product £f_ MofltmoriUonlte. The appearance of










Figure 35. Electron Micrographs of Cu(OH) -Kaolinit* B . I -.
Products at ^5 C
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product was not homogeneous. A solid, hard, yellowish cemented
portion was attached to one end of the reaction tube, the re-
mainder of the material being a smooth white slurry. On x-ray
examination in the wet state, it was found that most of the
residual Ca(OH) was in the slurry, only a very small portion
of lime being present in the cemented material. The latter
yielded a CSH peak at 3.02A, and a number of peaks for the same
7.6A calcium alumlnate hydrate phase found with kaolinite.
In addition, there was a very broad peak at around 9A. The
slurry portion gave smaller peaks for both these ingredients
and a large one for the lime. There is no distinct peak for
residual montmorlllonite in either pattern. Unfortunately,
on washing the Ca^0H) 2 out of this material considerable cal-
cite was formed. The powder pattern revealed the presence of
some residual montmorlllonite with a broad peak at about l^A;
peaks for both a CSH phase and the calcium alumlnate hydrate
found previously are present. The intensity of the peaks for
the latter is significantly less than In the kaolinite product,
which is not surprising since montmorlllonite has less aluminum
in Its structure.
The DTA pattern for this product (Figure 33 ) confirms the
incomplete removal of Ca(0H) 2 on washing by a fairly substantial
endotherm at 520°C for lime; also the degree of formation of
calcite due to accidental carbonation is obvious from the endo-
therm at 790°C. The CSH phase would be considered a CSH(gel)
from the very small exotherm visible <at 890°C. There is no
endotherm in the 385°C region such as that attributed to
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glbbsite in the preceding pattern; however endothermic response
at lower temperatures is apparently a complex reaction. There
is no particular indication of residual montmorillonite, but
this is not surprising in view of the smallness of the amount
that remains in the sample and the weakness of the overall DTA
response to montmorillonite in general.
The morphology of the constituents as revealed by electron
microscopy is indicated in Figure 36A. The CSK(gel) phase
occurs in unusually small fibers or rods, or in aggregations
of them. There are a few thin sheet-like particles present,
some of which appear to have rods associated with them. No
particles having a hexagonal outline seem to occur in any of
the fields examined. The Ca(0H) 2 that remained in the system
is probably coarsely crystalline in nature and thus segregated
from the remaining products.
Thus, montmorillonite is attacked at k$ C under these con-
ditions to yield a CSK(gel) phase of very fine particle size
and a hydrated calcium aluminate with an x-ray pattern similar
to the product produced by kaolinite.
Reaction Product of Pyroohvllite . This material gave an
apparently homogeneous white slurry. Initial examination of
the slurry mount disclosed a large peak at 10. 5A along with
a smaller basal peak for residual pyrophylllte at 9^2A, a peak
for the hydrated calcium aluminate at 7.6A and a fairly strong
peak for a CSH product at 3.O7A. Residual Ca(0H) 2 was present
in large quantity. After washing out the lime, all but the
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'igure 36. Electron Micrographs of CL. ( OH) 2-Silicate
Reaction Products at 45°C. (a) Montmoriilonite
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near 3A was found, attesting to the presence of disordered CSH.
Some carbonation had apparently occurred. After drying, a
powder pattern confirmed these results in detail. The percentage
of the pyrophyllite that appeared to have reacted was not as
high as that of the samples previously discussed, but it was ap-
parently substantial.
DTA of the product (Figure 33) is similar to that of the
montmorillonite except that in this case all the lime was
successfully washed out of the preparation. No electron
microscopy was undertaken for this material but in view of
the similarity to the other materials it is likely that the
CSH produced is also a CSH(gel) phase of fibrous morphology,
and the hydrated calcium aluminate is CnAH,^* The nature of
the phase giving the initial 10. 5A peak is unknown.
Reaction Product of Mica . This reaction product was
reasonably homogeneous; and initial x-ray diffraction examination
of the slurry suggested that a considerable amount of reaction
had occurred, yielding the same products as observed for the
previous aluminosilicates , a CSH product, probably CSH(gel),
and C^AHjl-3. On removal of the lime and drying this was con-
firmed by the powder pattern. A noteworthy observation was
that while the basal peak for residual mica had an Intensity
of only about one-fourth that of the initial mica before re-
action, nevertheless, all the lines characteristic of the 2M,
polymorph were present and retained their shrrpness.
The DTA of the reaction product (Figure 2? ) is similar
to that of the preceding sample; the weak exotherm characteristic
of CSH(gel) is observed at 8?0oC The morphology of this
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sample however was quite distinctive. Figure 3&B shows a
typical field; although there are a few fibrous or rod shaped
particles, almost all of the particles visible are of a dis-
tinctive morphology not heretofore observed, which can be best
described a s ovoid or "football shaped". The large particles
are obviously residual mica flakes. Some of them appear to have
very ragged outlines as a result of chemical attack. Certain
of the mica particles appear delaminated. It may very well be
that the reaction proceeds both by attack inward from the edges,
and by delamination or splitting off of the individual mica
sheets.
Mica has thus been shown to react with lime to produce
CkAH
- and a CSH(gel)? phase of unusual ovoid morphology.
Reaction Products of 1111 te . The mixture after reaction
for this phase was an apparently homogeneous yellow slurry;
x-ray diffraction disclosed that a substantial portion of the
illite had reacted to produce relatively weak indications of
C^AK^-5 and a CSH phase. Unfortunately, considerable formation
of calcite occurred during the processing. It was observed
that this 2M^ polymorph retained its crystallinity apparently
intact, with little weakening of the distinguishing lines for
this polymorph.
The DTA of this phase (not shown) is essentially Identical
to that of the mica sample. No electron microscopy of this
sample was undertaken.
Failure
, of Talc tp React . Examination of this homogeneous-
appearing product by x-ray diffraction suggested that essentially
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no reaction had occurred, except that some of the Ca(0H>2 had
carbonated. The powder mount prepared after washing out the
Ca(0H) 2 revealed that the talc peaks were essentially as strong
as those for the pure mineral. In view of this no further
investigation of this i->roduct was undertaken.
SUP^ry fi£ ZLs. BgacUcn Products o£ Slurry Mixes a£ 4S°C .
Under these reaction conditions (a large excess of lime, excess
water, continuous shaking at 45°C) all of the clay-sized
fractions of the various silicates reacted appreciably with
lime except talc. All produced a CSK product showing a weak
DTA exotherm and all the products that were examined except
that of mica showed the fibrous morphology characteristic of
CSH(gel). The mica produced particles having a distinctive
ovoid morphology. All the alumina-bearing phases that reacted
produced a C^AH^ hexagonal hydr&ted calcium aluminate phase
at this temperature. In addition, kaolinite , the clay with
the large aluminum content, may have produced some gibbslte,
but this has not been definitely shown. The CSH(gel) apparently
tended to be cementing in most of the phases, even though there
was a large excess of water present. It is clear that the
quartz and some of the aluminum-bearing silicates have been
almost completely decomposed by the reaction process, only a
relatively small content of the original minerals being left.
Others, materials, notably mica, 1111 te, and pyrophyllite,
were not quite so completely decomposed by the reaction.
208
Reaction of Ca(OH) and Kaollnite
In Suspension at 23°C
This reaction took place in a sealed plastic bottle mounted
on a rotating wheel device, in the same manner as that employed
for the hydration of /^-C2 S and C^S. Five grams of the same
clay-size fraction of kaolinite from Bath, South Carolina,
were reacted with an equal weight of lime In 150 ml of sus-
penslon. The reaction was allowed to proceed for six months.
The resulting suspension was too thin to examine by the
slurry mount technique. A porous tile mount was prepared
from one portion of the material; the remainder was dried over
P2 0c in vacuo at room temperature, to avoid carbonstion of
any excess lime, and a powder mount prepared. Both specimens
were x-rayed In a nitrogen atmosphere. The resulting patterns
are shown in Figure 37- The reaction was obviously incomplete,
a fair amount of Ca(0H) 2 and considerable kaollnite being left
unreacted. The products were similar to those found in the
previous experiment, a CSK phase and C^AHj^.
The lack of cementing action in this dilute suspension is
quite clear from the excellent orientation displayed in the
very much enhanced basal spacings of both the kaollnite and
the C^AHjo in the tile mount. The Ca(0H) 2 apparently did not
orient preferentially.
The DTA of the F
2
0_ dried material is given in Figure 38.
The complex low-temperature endotherm found In the slurry
samples ranging from about 130°C to about 300°C Is here re-
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Figure 37. X-ray Dlffractometer Traces of the Reaction




Figure 38. Differential Thermal Analysis of Ca(OH) -
Kaolinite Reaction Product at 23°C. Heating
Rate Varies from 58°C to 5°C Per Minute.
211
at 130°C and 225°C. There is a large complex endotherm In the
600°C region which is due to separate dehydroxylatlon reactions
of Ca(OH) and of kaollnite; a small endotherm at 785°C due
to calcite contamination, and a small exotherm at 905°C sug-
gestive of CSH(gel).
The electron micrographs of this product are unusually
descriptive (Figure 39). The CSH(gel) appears as individual
fibers or rods; the C^AH^ as very well-formed hexagonal
crystals with well-formed crystalline outlines. A few kaolinlte
particles recognizable by their large size and more or less
hexagonal morphology are present; these exhibit badly deformed
and eroded edges. The coarsely crystalline Ca(OH) particles
are apparently segregated out in the electron microscope
preparation procedure.
Thus one may generalize the conclusions of the last
section; apparently in wet systems (slurries or suspensions)
near or at room temperatures, lime and aluminoslllcate clays
react to form CSH(gel) and G^AH . This very likely holds for
comparatively dry systems at lower temperatures as well.
The Reaction Between Ca(,QH) 2 and Hyflrpyg, Ml^na,
Since Ca(OH) ? reacts readily with aluminosilicates to
produce comparatively well-crystallized calcium aluminate hy-
drate phases, it was thought worthwhile to investigate the
possible reaction between lime and a more available form of
alumina In the form of the "amorphous" hydrous alumina gel
AIO(OH) or Al203*H2 0. Such a phase is readily prepared by
*V
*/
Figure 39. Electron Micrographs of Ca(OH) -Kao Unite
Reaction Products at 23°C.
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reactions such as that of sodium hydroxide on an aluminum
chloride solution. The precipitated gel so produced is actually
a disordered form of boehmite (Rooksby, 1961).
A IN solution of k1C1_ was titrated to neutrality with a
'©lution of NaOH and the white precipitated gel washed repeatedly
with distilled water until free of CI" ions as indicated by
lack of reaction with silver nitrate. The x-ray pattern for
the resulting hydrous alumina phase (Figure ^OA) gave five
broad diffraction maxima corresponding to the strong peaks of
boehmite. Surface area measurements by the water-vapor BET
technique yielded a value of 270 m2/g.
One gram of this material was mixed with 0.25 grams of
reagent grade Ca(OH)
,
wetted to a plastic condition with dis-
tilled water, compacted in a mold, sealed and allowed to cure
at 60°C for 3 days. The x-ray pattern for the dry mixture Is
given in Figure ^CB. Examination of the product by x-ray dif-
fraction (Figure 4-0C) revealed a complete disappearance of the
lime peaks, and the appearance of a very strong pattern for
yS-CijAH^ (basal spacing 7.9A); peaks indicating a small content
of the cubic C0AH5 phase were also observed. The high back-
ground in the regions of the spaclngs of the hydrous alumina
suggested that a considerable excess of this phase remained
unreacted.
The reaction was repeated for a longer time using a large
excess of Ca(0H) ? in an attempt to get all of the alumina-
bearing phase to react. After 6 days at 60°C It was found that





Figure 40. X-ray Diffractometer Traces of (A) Hydrous
Alumina, (B) Dry Mixture of 4 Parts Hydrous
Alumina and 1 Part Ca(OH) by Weight, and
(C) Reaction Product of this Mixture, 3 Days
at 60°.
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apparently all of the alumina-bearing phase had reacted. The
reacted material was washed twice with water to remove the excess
Ca(0H) 2 , dried rigorously in a vacuum desiccator over P~0 at
a temperature of 110°C. The resulting dehydration caused almost
complete collapse of the 7«9A basal peak to about 6.2A. Con-
sidering the known lack of thermal stability of C^AH.^, these
results were not surprising.
The reaction of lime on hydrous alumina did not appear to
be a truly cementing reaction; however, some mechanical strength
was developed by the compacted product.
Further trials of the reaction at room temperature suggested
that the 60 C heating was not required, and that the reaction
would proceed rapidly at room temperature.
Confirmation that the major product was actually CjlAH.-
was sought by chemical analysis. It was also deemed desirable
to demonstrate that atmospheric CO? was not a necessary con-
stituent of the alumina reaction product. A trial run was
made in which the hydrous alumina and lime were reacted under
nitrogen in a dry bag and x-rayed under nitrogen; this showed
that a product identical to that produced in the atmosphere re-
sulted. An excess of Ca(OH)£ was used to avoid the possibility
of having unreacted hydrous alumina which would Influence the
chemical analysis found. The reaction was allowed to proceed
under nitrogen for 6 hours ^nd yielded a pattern for ^-C^AHj-
and residual Ca(0K) 2 (Figure ^1A) . The reaction product was
washed repeatedly in distilled water, the intensity of the peak









Figure 4l. X-ray Diffractometer Traces of Reaction Product
of 1 Part Hydrous Alumina and 3 Parts Ca(OH)
by Weight, 6 Hours at 22°C in Nitrogen Atmos-
phere. (A) Original Reaction Product. (B)
Reaction Product After Washing.
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1 liter washes sufficed to completely remove the excess lime
from the 10 gram sample. The sample was then dried briefly
(i hour) at 110°C, powdered, and x-rayed. The resulting
pattern (Figure ^1B) confirms the complete removal of Ca(0H) 2 >
the apparent absence of residual hydrous alumina, and the domi-
nant hydrated calcium aluminate pattern with a 7.8A basal
spacing. A small amount of the cubic C0AH5 was also apparently
formed; the peaks attributed to this phase are marked with an
asterisk m the pattern.
Chemical analysis of the washed product, however, gave
a composition of almost exactly C2AH 7 ? rather than CVAH .
A check of the diffraction pattern with that given by Midgj.ey
(1959) for C2AHg gave good agreement, except that the basal
pacing given by that author was 10. 7A. However, Roberts (1959)
showed that on oven drying C^AHg collapsed to the same 7-^+A
spacing as C^AHjo. A comparison of spacings other than the
basal peaks given by Mldgle / for C2AHo ciU(i ^^13 showed them
to be virtually identical. Considering the variability inher-
ent in patterns for both of these phases due to stacking dis-
order it is apparent that they cannot be distinguished by
x-ray diffraction in any reliable manner after drying.
The conversion of C^AHj^ to C2AHQ in samples washed free
of excess lime has been reported previously; Bessey (1938)
quotes an earlier work by Lafuma to this effect.
A check was made on the response to further heating of
both the C^AH,^ ph^se with the extra Ca(OH) present, and the
C ?AHg phase resulting from Its removal. Samples of both heated
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to 110 C and x-r^yed immediately under dry nitrogen showed ex-
cellent basal spacing peaks at 7.6A for the former and 7.5A
for th9 latter. However, brief heating (l hour) at 150°C des-
troyed this peak in both cases, the C^AH product yielding a
small peak at 9-^A and a dehydrated basal spacing at 6.0A, and
the washed product only the latter peak. Thus both phases
behave essentially like the C^AHjo of Buttler, Dent Glasser,
and Taylor (1959)
•
An electron micrograph of the washed product Is given in
Figure 42
.
The material consists of distinct well-crystallized
hexagonal plates. It is noteworthy that despite the lability
and ready changes undergone by these phases they are well-
crystallized from the standpoint of crystal outline as well as
from the standpoint of regular internal structure as revealed
by x-ray diffraction.
Infrared spectra of both the unwashed product (C, AH ) and4 13
of the Ca(0H)_-free washed material (analyzed as C AH„ -) were
obtained using the Perkin-Elmer Model 221 instrument and are
given in Figure 43. The spectra are almost exactly alike and
closely resemble that of Midgley (1962) for C.AH • Midgley
attempted no assignment of the bands of his spectrum, but the
following assignments appear reasonable:
1625 cm"-1- : water deformation band
1390 cm" 1 : carbonate asymmetrical stretching mode (V^)
858-865 cm-1 : carbonate out of plane bending mode (V2 )
This leaves the strong bands at about 1065 cm" , 775 cm"
and the weaker one at 95O-98O cm-i to be assigned to the C^AH^-
*4t-::J,a
.
Figure ^2. Electron Micrograph of Washed Product of the




















































proper. Evidently considerable carbonatlon occurred subsequent
to the removal of the sample from the nitrogen atmosphere, or
more likely, the Ca(0H) 2 used to prepare the sample had a small
percentage of CaCO^ impurity.
High frequency portions of both spectra, not shown in the
figure, have a comparatively weak absorption band at about
3^50 cm" 1 for bonded OH groups, and smaller features at 3760 cm" 1 ,
29^0 cm" 1 , and 238O cm" 1 , similar to those found in some of the
CSH(gel) patterns of Figure 26.
Since the reaction between Ca(0H) 2 and the hydrous alumina
seemed to be unusually rapid, even at room temperature, it was
decided to attempt to evaluate its speed quantitatively. A
dry mixture was -prepared containing four parts of alumina phase
by weight for each part of Ca(OH) and a small amount of MgO
as an internal standard. A portion of the mixture was wetted
to a moisture content of about 60$ and compacted into a plastic
container. The reacted mixture was extruded from the container
after only 15 minutes of reaction, dried rapidly In the oven,
and x-rayed. The result (Figure kk) indicated that essentially
all of the lime had reacted In this short 15 minute Interval and
a strong pattern for the C^AHj~ product was obtained. The DTA
of this reaction product is also given in Figure W-j it shows
endothermic peaks at 215°C, 320°C and 385°C, the latter pre-
sumably due to the unreacted hydrous alumina.
A small portion of the same dry mix used in the preceding
experiment was prepared as an x-ray diffraction powder mount,




Figure *l4. X-ray Dlffractometer Trace and Differential
Thermal Analysis (Heating Rate 10° Per Minute)
for Hydrous Alumina-Ca(OH) Product Reacted
for 15 Minutes at 22°C.
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and after the scan the Intensity of diffraction at several po-
sitions were determined by stationary counting with the goniometer
fixed. The positions measured were that of the strongest
Ca(0H)
2
line (34.05° 2 -G-) , the main peak for the MgO internal
standard (42.85 2 -6-) , a convenient background position
(41.50 2 -6-) , and the expected position of the C.AH,,, basal
** 13
pecik (11.25° 2 -©•)
.
After several repetitions of these counts
the sample mount was removed from the diffractometer and several
drops (0.2 ml.) of water carefully added to the exposed face
of the powder. The water was absorbed rapidly and little dis-
tortion of the geometry of the face of the sample occurred.
The mount was immediately replaced on the diffr<*ctometer and
the intensities of diffraction at the several fixed positions
again counted. These counts were repeated sequentially for
a period of about a half hour. The results are shown in Figure
45, in which the net peak heights of the CafOHK reactant and
of the C.AH product relative to those of the internal standard
are plotted versus time. It is apparent from the data that most
of the reaction occurred almost immediately following the ad-
dition of the water, certainly within & few minutes.
This is an unusually rapid rate of reaction for an essentially
dry system, the amount of water present being several orders of
magnitude smaller than that necessary to dissolve the Ca^OH)^
present.
It appears that this exceedingly rapid reaction is confined
to the hydrous alumina type of material; a trlul with a soil
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Figure 45. Relative Intensities of Peaks for Ca(0H) 2 and
CkAH^ Compared to Internal Standard as Function
of Time after Addition of Water to Dry Specimen.
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Huston fine sandy loam, Dale County, Alabama, kindly supplied
by Mr. Earl Kinter) indicated that no appreciable reaction with




Classification OL ik Tobermorlte-llkft
Cal?;WB Silicate Hydrate
s
All the data assembled here support the concept that the
tobermorite-like calcium silicate hydrates from not a continuous
series of phases varying only in degree of crystallinlty , but
rather a group of distinct phases, each of which has certain
characteristic properties that distinguish it fora the others:
The phases treated in this work are tobermorite (and sub-
s tituted tobermorites) , CSH(I) and CSH(gel) . Efforts to pre-
pare CSH(II) were unsuccessful.
A summary of the characteristic properties of the various
phases, as determined in this work and also from the literature
is given below:
Tobermorite: This Is a well-crystallized compound exhibiting
a distinct basal spacing near 11A, strong x-ray peaks at 9.07A,
2.97A, 2. 82 A and 1.82A, and weaker peaks at a large number of
characteristic positions. DTA yields only a small and indistinct
exothermic response in the high temperature region, unless the
material is aluminum-substituted. The infrared spectra show
a strong, comparatively sharp Si-0 lattice vibration at 970 cm"
and the samples studied here show a distinct band near 1200 cm"
not previously reported. A number of other characteristic bands
are observed. The particles are platy In shape, and the material
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disperses readily in water to yield individual crystallites that
can be oriented on a surface as they settle out. The C«:Si
ratio is close to 1.
CSH(I): This is a much less well-crystallized compound
showing only spacings at about 3«03A, 2.82A, and 1.81A, with
sometimes weak additional lines at 1.66Aand 3.25A. Basal
spacings are observed with difficulty or not at all. DTA
yields a very sharp exotherm in the high -temperature region.
The infrared pattern is less distinct than that of tobermorlte;
there is no band in the 1200 cm region and often strong ab-
sorption on the low-frequency side of the Sl-0 band. The
particles are foil-shaped, usually very fine, and may be twisted
or crinkled; sometimes spherical aggregates of crinkled foils
are present. The ultimate particles, though small, are well-
cemented together, and the material cannot readily be dispersed
in aqueous systems. The Ca:Si ratio Is variable between wide
limits, probably 0.8 to 1.6.
CSH(II): This is a generally poorly crystalline compound
showing x-ray spacings at about 3«3A, 2.82A, 1.81A, and several
additional lines. The line at I.56A is probably distinctive
for this phase (Heller and Tsylor, 1956). The DTA behavior of
this phase is regarded as "variable". The infrared peak
found at 840 cm" 1 In some preparations may be characteristic.
The morphology is fibrous and sometimes the fibers are arranged
in cigar-shaped bundles. The nature of the surface properties
and the degree of cementing between ultimate particles is un-
kno'wn. The Ca:Si ratio is high, probably I.5-I.7.
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CSK(gel): This is a very poorly crystalline phase exhibiting
a single strong x-ray peak at 3«03A, accompanied only by two weak
additional peaks at 2.82A and 1.82A. DTA yields only a small,
comparatively weak high-temperature exotherm. The morphology
is mostly fibrous, but platy or equant particles are also found.
Infrared spectra presented here show a strong absorption minimum
at about 1100 cm" 1 . A broad Sl-0 maximum is found at 9^+0 cm-1
,
distinctly lower in wave number than that of most CSH(I) specimens
The material is said to consist of very fine particles, probably
only two or three unit layers thick, rolled into fibers and
well-cemented; it is almost impossible to disperse into individual
particles in aqueous systems. The Ca:Sl ratio is high, probably
near 1.5*
The calcium silicate hydrate phases produced on reaction
of clay and other silicate minerals with lime under various
conditions are definitely related to one or another of these
phases, and have the typical morphology and other properties
characteristic of the phtise_ concerned.
Structural and Cat ion-Exchange
Properties £f_ TpbermprltS
The Megaw and Kelsey (1956) model of the tobermorite
structure is admittedly incomplete. Not only are the positions
of hydroxyls and water molecules unspecified, but approximately
one-fifth of the calcium necessary to make up the minimum
calcium content of the phase (Ca:Si ratio 0.8) has not been
located. The calcium ions are believed to be in the grooves
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or channels between the silica chains. Presumably, any additional
calcium, such as would be found in tobermorites of higher Ca:Sl
ratio would also be so located. The state of the calcium is
unspecified; presumably it occurs as free Ca++ ions, CaO mole-
cules, or both. It may be that the overall situation is similar
to that of the minerals loughlinlte and sepiolite, which are
chain-structure magnesium silicates. Loughlinlte has sodium
ions located in the channels running the length of the particle
between silica chains, analugous to the tobermorlte channels.
When loughlinlte is leached with MgClp, these sodium ions are .
readily exchanged for magnesium ions and the mineral sepiolite,
of identical structure but bearing magnesium ions, is produced
(Fahey, Ross and Axelrod, i960; Pre 1 singer, 1962)
.
It Is reasonable to speculate that the exchangeable cations
whose existence has been demonstrated in this study are some
of the calcium ions located within the tobermorlte channels.
If this is so, the measured cation exchange capacity, as de-
termined in short- time experiments such as the present measure-
ments, should be considered as a minimum value only. The
channels are only a few A wide and presumably run the full
length of the particle, which in these well-crystallized ma-
terials is of the order of a micron. Diffusion through such
long, narrow channels is likely to be a slow process as It is
in zeolites, and thus the full extent of the possible exchange
of cations may not be realized during relatively short periods.
The exchangeable c&tlon (sodium) in loughlinlte does not
arise from lsomorphous substitution of ions of lower valency
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for ions of higher valency in the structure of the material
end the resultant charge effect, as do most exchangeable cations
in clays- Rather, according to Preisinger (1962), two sodium
ions proxy for a magnesium ion at the end of an octahedral row
facing an internal channel; one of the sodiums occupies the
physical s'ite In the octahedral row, but the other remains in
the channel itself, coordinated only to water molecules, and,
is thus readily exchangeable. The present data suggest that
some such situation may also be responsible for the observed
exchange capacity of toberraorite and related phases, since iso-
morphous. substitution such as that of iron or aluminum for
silicon does not give rise to additional exchange sites over
those possessed by the unsubstltuted tobermorite. The charge
deficiency introduced by such substitution must be compensated
in some manner, however, perhaps in one of the ways suggested
by Kalousek (1957).
The status of the hydroxy 1 groups in tobermorite is of
some interest. The structure of tobermorite, according to
Megaw and Kelsey, includes the feature that every third silica
tetrahedron along each chain is elevated above the general level
of the chain and can share corner oxygens at only two, rather
than all four of its corners. To maintain electrical neutrality
the two corners that do not share oxygens must contain hydroxyl
groups rather than oxygen ions. These hydroxyl groups are
probably too far separated to form hydrogen bonds with each
other either across or along the chains. Any hydrogen bonding
that occurs should be with water molecules or with other groups
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located within the adjacent channel spaces. The failure of
the present infrared studies, as well as those of previous
workers, to disclose any absorption at the position for free
hydroxy 1 stretching vibrations seems to imply that the hydroxyl
groups associated with the chains are in fact strongly hydrogen
bonded
.
Effect? of_ teWce SahgJLLfctttAflB <ea £he_
Properties oX Tobermorlte
It appears that the effects of lattice substitution on
the properties of tobermorlte are definite but small, involving
only a few changes in position and intensity of certain x-ray
peaks, minor shifts in frequency of some secondary infrared
absorption bands and a slight reduction in the affinity of
the surface for water. The major change in properties observed
is the effect of aluminum substitution on the nature of the
reaction at high temperatures by which the dehydrated tobermorlte
is converted to wollastonlte.
The interpretation of this feature is complicated by the
discovery that in at least one of the Al-substituted tobermorlte
preparations CSH(I) was formed along with the tobermorlte during
the original synthesis.
It has been observed in all samples of aluminum-substituted
tobermorlte that the exothermic reaction between 800°C and 900°C
was accompanied by marked shrinkage and the formation of a
strong, hard, dense fired product. The material was so strong
that it was necessary to crush with pliers In order to remove
it from around the thermocouples. The only phase found on
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subsequent x-ray diffraction was wollastonite. In contrast to
this behavior, unsubstltuted or iron- and magnesium-substituted
tobermorltes produced only an insignificant DTA exotherm, did
not shrink, and remained soft and friable after firing. They
too yielded x-ray peaks indicative of wollastonite. CSH(I)
without any lattice substitution also gave a sharp, strong exo-
therm at the high-temperature transition to wollastonite.
There is some shrinkage accompanying this process, but it is not
nearly as pronounced as that for Al-substituted tobermorite.
The fired product is soft and crumbly and resembles that of
unsubstltuted tobermorite.
Taylor (1959) pointed out that since the wollastonite pro-
duced on the firing of tobermorite probably has its normal Ca:Si
ratio of 1, while the tobermorite itself normally has a Ca:Si
ratio of about O.83, some of the excess silica must be segregated
out of the lattice and be present as a separate amorphous con-
stituent of the fired material. One explanation of the behavior
of the aluminum-substituted tobermorite may be that free silica
is thus available to react with some or cill of the alumina
present to produce an amorphous aluminoslllcate (mullite, ?)
which is then chiefly responsible for the strength properties
of the fired product. Mullite is the product whose formation
in heated kaolinlte is associated with the strong exothermlo
reaction found at about 980°C in this material (Holdrldge and
Vaughn, 1957), and is usually formed in DTA runs in a poorly
crystalline or amorphous condition.
The observed exotherm in CSH(I) free of any alumina sub-
stitution must be due to a different cause. It may be the
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result of some structural transformation involved in the formation
of wollastonlte from CSH(I), and hence may point to a structural
difference of some kind between CSH(I) and tobermorite. It
is thought that the observed transition in the DTA results of
the present aluminum-substituted samples are primarily due to
the aluminum content of the tobermorite, but may also be in-
fluenced by the CSH(I) impurity found in at least one of the
samples
.
V^riatiQP ia Composition p£ CSH(I)
The variation in the composition of the CSH(I) preparations
(Table 4) seems to cover essentially the whole span of possible
compositions for this phase. The relationships involved are
complex.
i
The initial product of precipitation between mixed calcium
salt-sodium silicate solutions, as represented by preparations
CSK(l) - Z through - k, seems to have virtually a constant
composition of about C. QS, QH . , regardless of the molar
ratios of the solutions mixed. This composition approximates
that of a tobermorite with excess water. CSH(I) - 5, prepared
by mixing solutions of a high molar proportion of lime with-
out significant aging, give a Ca:Sl ratio only a little higher
than those of the previous samples (1.18), but a water content
much closer to that of tobermorite (1.00). Direct room-temperature
synthesis from lime and silica gave a composition not much dif-
ferent than the latter when a 1:1 mole ratio of reactants was
used, but much richer in both lime awl water ^ ci.58 si,00 H1.80
^
when a 2:1 mole r"atlo was used.
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Taylor and Howlson (1956) suggested that the various CSH(I)
compositions could be explained on the basis of a structure dif-
fering from that of tobermorite by successive replacements of
Si (OH) of the bridging tetrahedra by additional Ca++ in the
channels between the silica chains. On the basis of such a
hypothesis one would not expect to find any consistent rela-
tionship between the Ca:Sl ratio and the HO ratio of SSH(I)
compounds, and Taylor and "owison found no such overall rela-
tionship for their products. The present data, taken collectively,
are in agreement with this expectation; no overall relationship
between these quantities exists.
On the other hand, Brunauer and Greenberg (1962) modified
this suggestion to the effect that the replacement be of the
nature of a Ca
++ ion plus a water molecule for each Si (OH) group
removed. This change would result in a direct correspondence
between Ca:Si ratio and HO: Si ratio for members of such a hy-
pothetical replacement series, and Brunauer and Greenberg gave
data for a series of samples in which the fractional increase
in Ca between successive members was Just matched by the
fractional increase in HpO. In the present data, this hypothesis
would account for the data for the two products prepared by
direction reaction of lime and silica sol, CSH(I) - 6 and - 7,
of compositions C0#91Si#00H 1#o8 and C1#5gS1#00K 1>8o . These were
prepared in an identical manner using 1:1 and 2:1 mole ratios
of the starting materials. The fractional difference in CaO
is O.67 moles per SIC j the corresponding water difference is
0.72 moles.
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It appears that the relationship postulated by Brunauer
and Greenberg may hold good Within, a series o_£ preoar.it inns
oj£ Uaa same kind; however, considering the CSH(I) group as a
whole such a relationship is not evident. The actual structures
of the Individual samples must vary from that of tobermorite
in a variety of ways, depending on the specific mode and details
of the preparation. Nevertheless, the characteristics of the
CSH(I) phase in the matter of x-ray diffraction, DTA, infrared
pattern, morphology, etc. appear to be remarkably uniform,
and the phase is well-defined by these characteristic properties
Surface Properties ajid. Plasticity
of Tobermorite and CSK(I)
The discovery that tobermorite particles interact with
water to produce a decidedly plastic system analagous to that
of a wet clay is of considerable interest.
The peculiar plastic properties of wet clay are usually
explained on the basis of fine particle size, platy morphology
and strong attraction of the surface of the solid for a re-
stricted number of layers of water; when the thickness of the
Water film surrounding the particles becomes greater than the
number of layers that are strongly held, the extra water acts
as a lubricant, and the particles can slip past each other
easily In response to a shearing force. A more complete treat-
ment of the plasticity of clays along these lines is given by
Grim (1953, P- 173) ^nd by Her ^1955. P- 217). It should be
noted that the strength with which the firmly bound water is
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held and the amount of water th^t is so bound are partially a
function of the exchangeable cation present.
The platy shape and fine particle size of tobermorite are
appropriate for the development of plasticity according to this
picture. The suggestion was mode earlier that the tobermorite
surface interacts strongly with the first layer of adsorbed
water (high Ej_ value), but only weakly with succeeding layers.
Such behavior is compatible with the ideas underlying these
explanations of the plasticity of the clays, and hence the
presence of the phenomenon of plasticity in the tobermorite-
water system is not surprising.
The most striking difference between the rheological
properties of tobermorite phases and those of the CSH(I) ma-
terials appears to be the cementation that ties the aggregates
of the latter phase together and makes dispersion into primary
particles in aqueous systems difficult or impossible. This
property does not seem to depend on the calcium content of the
phase, since CSH(I) preparations relatively low in calcium
(CSH(I) - 1, 2, and 6, for example) appear to be just as strongly
resistant to dispersive efforts as the others. This cementing
action is entirely absent from tobermorite, which disperses
spontaneously in water.
In consequence of the cementation of the primary particles
of CSH(I) Into aggregates, the plastic properties that become
evident in a wetted tobermorite system are not found in CSH(I)-
water mixes. Rather, despite their very small ultimate particle
size, the particles behave as silt particles; there Is a distinct
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sllty feel to the moist material when rubbed, and there is a
critical, very narrow moisture range in which the material is
almost, but not quite, plastic. In accord with the usual behavior
of sllty systems, a slight increase in the moisture content re-
sults in a dilatent suspension and a slight decrease in moisture
produces a dry, definitely non-plastic feel.
The surface properties of CSK(I) with respect to sign of
surface charge In various chemical environments were shown to
be substantially similar to those of tobermorite. Furthermore
the BET E values were only moderately lower, suggesting nearly
as strong an attraction for the first layer of water in CSH(I)
as in tobermorite. This was true except for the nearly amorphous
member of the CSH(I) group, which showed a very low heat of
adsorption of the first layer. The major differences between
the surface properties of tobermorite and CSH(I) appear to be
that on one hand, the attraction of tobermorite for water
layers in excess of the first is for some reason low, and that,
on the other hand, CSH(I) primary particles are cemented together
effectively. Whether these two phenomena are related to each
other is not known, but it does not seem to be likely.
Baactlfflins Between .Lime ajad S3 1 Iffltftfi
Near Boom Tftmpe^ture
The results of the study of the reaction products of lime
and the various silicate materials has shown, first, the re-
activity of the several phases is much greater than previously
imagined. In the experiments involving large excesses of
lime at ^5°C, nearly all of the clay minerals were almost
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completely destroyed and even minerals commonly thought of as
resistant to chemical attack, such as muscovite mica and pyro-
phyllite, reacted extensively. It seems likely that if a con-
tinuous leaching system were set up to remove the products of
attack, most of the minerals could be completely dissolved by
prolonged leaching in saturated Ca(OH)
? .
The nature of the attach has not been studied in' detail.
Eades, in an unpublished communication, has suggested that the
factor mainly responsible for the attack is the high pH (12.^-)
maintained by the saturated Ca(OH) solution. Eades and Grim
(i960) have interpreted some of their x-ray data as suggesting
that attack on some kinds of particles, notably kaolinlte, is
from the prism or edge surfaces. The prevalence of attack
from the edges was confirmed by the present electron micrographs
in which the raggedness of the edges of the decomposing particles
Wc*s quite apparent. However, several of the photos suggested
that delamination as well as edge attack was taking place, and
undue emphasis should not be placed on any specific mode of
decomposition of the silicate particles.
One important result of this study is that the exact nature
of the products of the attack are for the first time clearly
indicated. Ca(0H) 2 reacts with quartz to produce CSH(gel), and
the identity of this phase with the CSH(gel) produced by hy-
drating cement minerals is made apparent. The alumlnoslllcate
clays almost always produced separate CSH and calcium aluminate
hydrate phases, the latter always being quite well-crystallized
in comparison with the former. The clays reacted at 60°C in
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relatively dry environments produced CSH(I) rather than CSK(gel);
the hydrate! calcium aluminate found w^s the cubic phase C-AK^.,
No alumina-bearing product of the montmorillonite reaction under
this condition was identified. At temperatures closer to room
temperature (45°C or 23°C) and in wetter systems, the CSH phase
found in all the aluminoslllcate reactions was CSH(gel) rather
than CSH(I), and the hydrated calcium aluminate phase was C^AH.
,
possibly containing some substituted silica. The possibility
of substituted alumina in the CSH phases also exists. Neverthe-
less, there is some indirect evidence against it. Aluminum
substitution in tobermorite results in a changed exothermic
response at high temperature from a modest and weak peak to a
strong, sharp one, and changes occur in the nature of the fired
product. CSH(gel) prepared from pure calcium silicate phases
has an exotherra that is normally almost as weak as that of
unsubstituted tobermorite; the corresponding exotherms for the
various reacted clay systems that give rise to CSH(gel) show
no significant increase in the extent and sharpness of this
thermal feature, nor was there any unusual shrinkage noted.
Consequently, in the absence of demonstration to the contrary,
it can be assumed that in these systems little if any substitution
occurs
.
Characteristics of the C^AH Phase
The nature of the C. AH phase produced in these reactionsf 13
may be somewhat different from that produced by most previous
investigators, who generally prepared the phase by the reaction
2^0
of calcium illuminate with lime in dilute solution. Such phases
actually have a composition of C^AH according to Roberts (1959),
and it is only on removal from the water system und partial de-
hydration that the C^AH composition and characteristic 7«9A-
8.2A basal spacings ere formed. Further dehydration below
that of oven-drying 'lowers both the basal spacing and the water
content, but these effects are at least partially reversible.
In contrast to this, the C. AH -type phases formed in re-
acting clay- lime systems, where the water content is much less,
are formed with a 7-5-7-7A basal spacing and tre, as it were,
partially dehydrated already at the time of their formation.
However, heating at 150°C produces further collapse and re-
arrangement of these materials as it does in the corresponding
C/jAHjo phases made in dilute solution.
The possibility of the incorporation of either silica,
C0o~, or both, remains open. Since it is difficult to get
reagent Ca(0H) 2 entirely free from carbonate, a certain amount
of carbonate is usually incorporated into the product from this
source. The question of the possibility of silica substitution
is more vexing. The high silica and very low alumina content
of the sample of single-crystal material reported by Hilt and
Davidson to give a C^AK^-a x-ray pattern would argue for a high
degree of possible solid solution; however it is possible that
this analysis was in error.
Substitution of silica in the C^AH lattice would in effect
produce a quaternary phase containing lime, alumina, silica and
water. There are several well-known phases which fall into this
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category, e.g. the hydrogarnet solid-solution series that is
isostructural with C AH^, and Stratiing's compound C^ASHo, which
is isostructural with the C^AH . It is definite that neither
of these recognized quaternary phases is formed in lime-clay
reacting systems in this work, although Stratiing's compound
has been reported to form in reactions of lime with previously
calcined kaollnite (Benton, 1959) .
The structure of C, AH was originally considered to in-
volve alternating layers of Ca(0H)
2
and A1(0H). ( Brandenberger,
1933) > but more recently Buttler, Dent ^lasser, and Taylor (1959)
have suggested the possibility of a more complex structure.
This proposed structure consists of a structural element a
single octahedral layer thick containing two calcium ions and
a single aluminum ion in ordered positions in the layer sur-
rounded by six °H groups. A seventh OH group and the associated
water molecules were said to occur in a second layer thc.t alter-
nates regularly with one of the first variety.
The present work was not designed to provide information
on the structure of this compound. However, the demonstrated
lability of the O^AH^ with respect to remove 1 of half its lime
by water washing without any particular damage to the infrared
pattern, the x-ray diffraction diagram, or the appearance of
the crystallites is difficult to understand on the basis of the
structure proposed by Buttler, e_t aJL«
Implications of the Present Work on the
Understanding of Cementation
The present work shows clearly that the cementing product
2^2
of lime-olay reactions Is usually CSH(gel), Identical In all
Identifiable respects with the CSH(gel) that has been pictur-
esquely described as the "heart of concrete". Thus the expla-
nation of the degree of hardening, strength and permanence
attained in lime-soil stabilization is readily understandable.
On the other hand, the cementing phase formed in the re-
actions between lime and kaolinite and lime and montmorillonite
at 60°C was not CSH(gel) but CSH(I) of a distinctly different
DTA behavior, and more. important, distinctly different morphology
These cementing particles are not fibers but definitely thin,
wrinkled foils or "snowflakes* as was made plain in the electron
micrographs. The llme-kaolinite and lime-montmorillonite re-
action products at 60 C, cemented by thin CSH(I) foils, are
every bit as strong, well-cemented, and resistant to weakening
by immersion in water, as the corresponding lime-quartz reaotion
product, which is cemented with what are obviously fibers of
CSH(gel). The importance of this observation is that efforts
to explain the unique strength and cementatlve properties of
hydrates of Portland cement or of CSH(gel) on the basis of its
particular fibrous or rod-shaped morphology appear to be inade-
quate, since apparently the Identical strength and the degree
of cementation are obtained with particies of entirely different
morphology. It seems that emphasis needs to be placed rather
on the chemical or physical-chemical features responsible for
the adhesion of CSH(gel) or CSH(I) particles to each other so
firmly that no appreciable dispersion in water systems can be




Because of the large amount of detailed Information pre-
sented, individual summaries have been appended to each portion
of the results. The reader Is directed to the individual sections
for appropriate summaries of the properties of individual phases.
In general, the findings of this study were as follows:
(1) The x-ray diffraction pattern of tobermorite was
changed only slightly as a result of substitution of aluminum,
iron, or magnesium into the lattice. Iron and magnesium sub-
stitution considerably reduced the intensities of the (002) and
(222) peaks, suggesting c-axls disorder may arise from these
replacements. The x-ray diffraction patterns of CSH(I) samples
showed less detail and consisted of a line at 3.O3A and three
or four weaker lines; no basal spacings were observed. One
sample was amorphous to x-rays, despite Its having other proper-
ties characteristic of CSH(I). CSH(gel) preparations prepared
by hydration of cement minerals yielded x-ray patterns similar
to those of CSH(I) but the presence of Ca(0H)£ and incompletely
hydrated cement minerals complicated the interpretation of the
patterns.
(2) DTA curves of tobermorite and iron- and magnesium-
substituted tobermorltes exhibited very weak high-temperature
exotherms on conversion of the minerals to wollastonite.
2^4
Aluminum substitution caused a strong, sharp exotherm accompa-
nied by marked shrinkage and cementation of the sample which
may have been due to mulllte formation. All CSH(I) samples
yielded Intense high-temperature exotherms, but the samples
did not shrink as much, and the product was friable and dif-
ferent In appearance from those formed by aluminum-substituted
t obermorites. CSH(gel) produced from the different calcium
silicate phases all exhibited weak but sharp high-temperature
exotherms, distinguishable from those of both CSH(gel) and
tobermorlte.
(3) Infrared spectra of tobermorlte and substituted tober-
morltes were characterized by the strong Si-0 band at 970 cm" 1 ;
a number of additional bands, not previously reported, were found
for these phases. Lattice substitution produced only small
changes in the infrared spectra. CSH(I) samples of varying com-
position had quite similar spectra. Strong general absorption
was observed on the low-frequency side of the Sl-0 band, par-
t icularly with samples of high calcium content. The spectra
of CSH(gel) were dominated' by a pronounced minimum in absorption,
which may be an artifact due to specimen preparation, since it
has not been reported previously. The Sl-0 band is considerably
broadened and its position is shifted to about 5^0 cm"1 , sug-
gesting that this phase contains almost completely depolymerized
silica tetrahedra. The bands attributed to the stretching vi-
bration of bonded OH groups and to the bending vibration of water
ere considerably weaker in these patterns than in previously
published results obtained from samples incorporated into KBr
zk5
pellets. The feature attributed to the asymmetrical stretching
mode of CO^ at about 1^30 cm"1 was present in all samples, but
was particularly strong in the CSH(I) patterns. The band in
CSH(gel) actually occurs at about 1390 cm"1
,
perhaps due to a
different mode of incorporation of the carbonate in this phase.
(k) Surface areas of the various phases were measured by
water vapor adsorption at room temperature. Tobermorite
yielded a value of about 80 m2/g» and the values for the various
substituted tobermorites were only slightly greater. In con-
trast, the surface areas of the CSH(I) samples ranged from 150
to 350 m /g. Heats of adsorption of water vapor calculated
from the BET theory were about 13,5°0 cal/mole for the tober-
morite and substituted tobermorites, but distinctly less for
the CSH(I) specimens and only about 11,700 cal/mole for the
amorphous CSH(I) preparation. Adsorption in tobermorites seems
to be restricted to two molecular layers, but this restriction
does not appear to hold for the CSH(I) phase.
(5) Electron microscopic observations confirmed the" platy
shape characteristic of tobermorite . Aluminum substitution did
not affect the particle morphology but Iron substitution re-
sulted in the formation of lath-shaped particles. CSH(I)
particles were dominantly fine foils or " snowflakes", although
a few platy particles and massive "crinkled foil aggregates**
were observed. CSH(gel) particles are definitely fibrous in
nature although cemented sheets of fibers and occasionally platy
particles were also observed. Cigar-shaped bundles of fibers
were not observed.
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(6) Zeta potential measurements carried out with tobermorite
and substituted tobermorites revealed that the particles are
negatively charged when dispersed in distilled water but become
positively charged in solutions containing appropriate concen-
trations of calcium or aluminum cations. Similar behavior was
found for CSH(I) and CSH(gel) materials except that the latter
is formed initially as a positively charged material due to
the presence of Ca(OH) as a byproduct of its formation. When
2
the Ca(OH) is leached out by repeated washing in water the
CSH(gel) particles assume a negative surface charge.
(7) Tobermorite and substituted tobermorites disperse
readily in water to yield primary particles that orient readily
on deposition. CSH(I) and CSH(gel) particles were cemented into
aggregates which do not disperse in water suspension, despite
ultrasonic treatment and attempts at chemical dispersion.
Tobermorlte-water systems of appropriate moisture content ex-
hibit plasticity analagous to that of clay, but the CSH phases
act Theologically as silt-size particles.
(8) Cation exchange capacity measurements made in alcoholic
solution indicate a CEC for tobermorite of J>k meq/100 g. Sub-
stitution decreased rather than increased this value. The
measured CEC values of the CsH(I) and CSH(gel) phases varied
somewhat, but all were distinctly less than that of tobermorite.
(9) Ca(OH) reacted with quartz in compacted mixtures at
60°C to produce a strongly cemented CSH(gel) product of distinct
fibrous morphology and high surface area. Under the same con-
ditions Ca(0H) 2 reacted with kaollnite and montmorillonite to
2^7
produce a high-surface area CSH(I) phase of foil-shaped morpholo-
gy, but the cementation achieved was as good as that of the
quartz reaction. With kaolin lte a separate calcium aluminate
phase, C AH,, is produced, but this phase was not identified
in the montmorillonlte product. Under these conditions Ca(0H) 2
does not react appreciably with pyrophyllite.
(10) At lower temperatures (^5°C) and reaction conditions
Involving the presence of Ca(OH) in large excess and the re-
action mixture in the form of a constantly agitated slurry,
the attack of calcium hydroxide virtually destroyed certain
clay mineral phases; even resistant phases such as pyrophyllite
and muscovite mica were severely attacked. The CSH product was
always CSH(gel) under these conditions. Quartz yielded only
CSH(gel). The aluminum-bearing phases-kaolinlte, montmorillonlte,
pyrophyllite, mica, and llllte-yielded a hexagonal calcium alumi-
nate hydrate identified as C^AHj^. Talc, a magnesium silicate,
did not react to any significant degree.
(11) Kaolinite reacted with Ca(0H) 2 in dilute suspension
at room temperature to produce the same products, fibrous CSH
(gel) and platy, hexagonal C^AH .
(12) These reactions appear to result from attack of the
silicate particles from the edges, as postulated by Eades and
Grim (i960); in this study some visual evidence of the delaml-
nation of clay particles during the reaction was also found.
(13) It was found that Ca(OH) reacts readily with synthetic
hydrous alumina to produce C^AHj^ together with a small pro-
portion of CoAH^. The reaction is extremely rapid, the Ca(OH)
2^8
disappearing almost Instantly and well-crystallized C^AH^
appearing within minutes after the addition of water to dry
mixtures.
(14) CVAH,- is readily converted to C2AHg on washing with
water to remove accompanying excess lime. The resulting product
is identical in morphology and behavior on heating to the C. AH ,
and very similar in its x-ray diffraction pattern and infrared
spectrum.
CaaajjaaUaLB
The major generalizations drawn from this study are the
following:
1. Tobermorite, CSH(I) and CSH(gel) are separate and
distinct phases having distinctive physical and chemical proper-
ties, and are not part of a continuous series varying only in
crystallinlty
.
2. All of the phases examined possess cation exchange
properties. The cation exchange capacity must be measured in
solutions in which these materials are Insoluble, but the
phenomenon of cation exchange is not necessarily restricted to
such conditions.
3. All of the phases are negatively charged in distilled
water, but the negative surface charge is reduced and eventually
reversed In concentrated solutions containing calcium or alumi-
num ions
.
4. Substitution of various ions into the lattice of tober-
morite' may readily be accomplished, and appears to have only
minor effects on the properties of the resulting tobermorites.
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5. Ca(0H) 2 readily attacks clay and other silicate minerals
to a much greater extent than previously considered. The products
of the various reactions can usually be identified as known
calcium silicate hydrate and calcium aluminate hydrate phases.
Observations of particle morphology are particularly helpful
in this regard.
6. Both CSH(I) and CSH(gel) possess cementing qualities,
and when produced in identical circumstances seem to be about
equally effective in producing strong, water-resistant cemented
products. Thus, explanations of the cementing action of calcium
silicate hydrates that rest on the particular morphology of the
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Table 2. Chemical Analysis of CSH(I)
Preparations.
Si0
2 CaO . H2
CSH(l) - 1 36.4 32.9 29.9
CSH(I) - 2 4i.o 36.6 19.6
CSH(I) - 3 39-6 36.3 19.2
CSH(I) - 4 41.2 39.0 20.2
CSH(I) - 5 41.2 44.7 12.4
CSH(I) - 6 ^5-9 38.7 14.8
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